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B.T.L. BARACOP STILL 


is THE AUTOMATIC STILL for 
all general laboratory purposes 


oud 


Tinned copper boiler and resistance glass condenser. 
Quadruple baffles, and low vapour velocity. 

Output 2.7 litres per hour (90% efficiency on current). 

CO, positively expelled. pH—6.0 to 6.2. 

Heavy metals undetectable (less than one part in 100,000,000). 
Conductivity 1.5 to 2.0 gemmhos. 

Injectable apyrogenic distillate. 

Gas or electric heating, or interchangeable. 


PRICE : 
With 1.8 kw. Electric Immersion Heater £9 17 6 


BAIRD & TATLOCK (Lonpon) LTD. 


Makers of Scientific Apparatus 
14-17 ST. CROSS STREET, LONDON, 
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HEAT-RESISTING 
CHEMICAL STONEWARE 


In recent years, there has been a great increase in processing of 
highly corrosive liquids and gases at high or fluctuating tempera- 
tures. It was found, in many instances, that Acid-Resisting 
Chemical Stoneware was the only available material that would 
withstand the corrosive attack that occurs but, on the other hand, 
the resistance of Standard Chemical Stoneware to thermal shock is 
relatively low compared with certain other materials. 


The Royal Doulton Potteries have devoted considerable research to 
this problem and have recently produced two new ‘ bodies ’—71C 
and 71D, the former glazed and the latter unglazed, which have 
been proved to withstand much greater extremes and variations 
of temperature than the standard grade. 


It is not possible to state in general terms the limits of temperature, 
either maximum or variable, which can be expected—as size and 
design have an important bearing on this factor. Further informa- 
tion can be supplied on receipt of details of process, temperature 
cycle and other relevant data. Close collaboration between users 
and producers as to final design is the surest way of achieving results 

- which will be mutually satisfactory, and the experience and advice 
of our Technical Department is at the disposal of all chemical 
plant users. 


Illustration shows a covered heat- 


DOULTON & CO., LIMITED 


can be supplied to meet specific Doulton House, Albert Reheniveett. London, S.E.1 
requirements. 
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ALLOXANTIN 


For organic syntheses and as a raw material 
for the manufacture of riboflavin. 


SULPHATE 


One of the most powerful reducing agents. 
Used in rare-metal refining, and as an anti- 
oxidant in light-metal fluxing and soldering. 


An essential developer and end-component in 
dye-line printing. 


RUBIDIUM SALTS 


For the manufacture of thermionic and 
photo-sensitive valves. 


GENATOSAN LTD., LOUGHBOROUGH, LEICS. 
Telephone : Loughborough 2292 


icinal and synthetic uses. 
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FINE CHEMICALS 


SODIUM 
METHOXIDE 


Appearance ... fine, white very hygro- 
scopic powder. 


Stability ...... Stable as long as it is 
not exposed to the air. 


Uses......... Condensing agent for 
organic syntheses. 


Material from containers previously 
opened is not recommended for use. 


Enquiries invited 
HERTS PHARMACEUTICALS LIMITED 
WELWYN GARDEN CITY 

Tel. : Welwyn Garden 3333 
Makers of fine organic chemicals 


ACTIVATED 
ALUMINA 


ADSORBENT AND CATALYST 


MANUFACTURE 


PETER SPENCE & SONS LIMITED 


NATIONAL BUILDINGS ST MARY 5 PARSONAGE, MANCHESTER 3 


LONOON OFFICE 776 7860 SALISBURY HOUSE EC? 


SPECIFICATION AND PROPERTIES: 


Appearance Colourless viscous liquid 
Specific gravity ... 1°16—1-17 at 15/15°C. 
Ester content 97% min. 
Free acid ... *15% max. (as acetic) 


‘Moisture eee eee eee eee Free 
Flashpoint... eee eee eee 270°F. 


SUGGESTED USES: 


I Plasticiser for cellulose acetate, nitrate, poly- 
vinyl acetate and other plastics 


2 Constituent of hydraulic fluids 
3 Textile finishing and printing 


CHO CO CH; 
CH,O CO CH, 


WELBECK HOUSE, DOWNS SIDE, BELMONT, SURREY ye TELEPHONE: VIGILANT 0133-6 


BIS-16 


| 
Purity........95%. CHsONa. 
: 
Packings...... 25 g. ampoules. 
500 g. bottles. WRITE POR 
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Guess-work as a pastime can afford 
delight and amusement, but when applied 
to industrial processes it is apt to be so 
to be distinctly disquieting. You simply 
cannot afford to leave anything to chance 
and if your process involves the use of 
technical chemicals there is only one 
thing to do and that is to make sure. 

A wide range of fine chemicals for 
technical purposes is manufactured by 


You wouldn’t select a 
foreman by this method { 


MAY & BAKER LTD. 


DAGENHAM 


May & Baker Ltd. Their manufacture 
is strictly controlled at every stage to 
ensure uniformity in the finished product 


and you can place complete reliance in 


them. 

If you are faced with technical prob- 
lems of a chemical nature, the experience 
accumulated by their analytical and 
research laboratories is at your disposal 
through the Technical Service Depart- 
ment. 


| 
Manufacturers of Fine Chemicals a 
Since 1834 
Telephone : ILFord 3060 
Sales Department: Extension 72 Technical Service Dept.: Extension 71 
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REGD, TRADE MARK. 


Gives longer service 
through its safety! 


From the first introduction of heat-proof glass to this 
age of world-shaking discoveries, our technicians have 
been steadily improving and experimenting in the 
realm of glass technology. 


PYREX Brand Scientific Glassware, with the remarkably 
low co-efficient of expansion of *0000032, is immune to 
the effects of sudden heat and cold, and, as acids 
(except hydrofluoric and glacial phosphoric) have no 
effect upon its surface, this famous glassware, 
designed for every conceivable chemical process, can 
claim a premier position as one of the most depend- 
able brands of glassware the craftsman of the 
present day can produce. 


Moreover, by virtue again of the amazingly 
low co-efficient of expansion, the structure 
of PYREX Brand Scientific Glassware 
can be made more robust than 
that of ordinary laboratory 
glass, thus ensuring 
longer service, and 
saving a much 
higher per- 
centage of 
replace- 
ment 
costs. 


Ask for PYREX Brand and see that you get it! 


James A. Jobling & Co. on 


Wear Glass Works, 
SUNDERLAND. 
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Photo by courtesy of Boots Pure Drug Co. Lid. 


In the tong run, the best is cheapest—and the initial 
cost need not be high! 


For instance : No. 48 Standard 
Analytical Balance. Price 
£28 10 0. Write now for 
full specifications of fine 
British Precision Balances. 


L. OERTLING LTD. 
110, GLOUCESTER PLACE, LONDON, W.1. 
"Phone: WELbeck 2273 
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THE BRITISH METAL CORPORATION LIMITED 


47 WIND STREET, PRINCES HOUSE, 93 GRESHAM STREET, 17 SUMMER ROW, 
SWANSEA LONDON, E.C.2 BIRMINGHAM 
Tel. No, Swansea 3166 Tel. No, Monarch 8055 Tel. No. Central 6441 


The Crack Pulverising Mills Ltd. 


GRINDERS TO THE TRADE FOR 
DRUGS, GUMS, SPICES and CHEMICALS 


Expert Staff available for Reconditioning of Gums, Drugs, etc., Damaged by Fire or Water. 


Address all communications to— 
49-51, EASTCHEAP, LONDON, E.C.3 
Works: Tannery Lane, Send, nr. Woking (Surrey). Phone: Mansion House 6109 (2 lines) 


PLASTICS MOULDING PLANT 
LEAD LINED VESSELS 
PRESSURE VESSELS 


T. H. & J. DANIELS, LTD., STROUD, GLOS.  stroup 661/23 


For Lasoratory Use 


STOCKED BY ALL LABORATORY 
FURNISHERS IN 

SEALED 

BOXES 


H. REEVE ANGEL & CO., LIMITED 
9 Bridewell Place, LONDON, E.C4. 
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STATISTICAL 
THERMODYNAMICS 


A Course of Seminar Lectures 
By ERWIN SCHRODINGER 


The object is to develop briefly one 
simple unified standard method, capable 
of dealing, without changing the funda- 
mental attitude, with all cases and with 
every new problem that may ~ 

. net 


CAMBRIDGE UNIVERSITY PRESS 


The fact that goods made of raw 
materials in short supply owing 
to war conditions are advertised 
in this Journal should not be taken 
as an indication that they are 


necessarily available for export. 


LITMUS 


PURE GRAN 


LITMUS PAPERS 
AND OTHER 
INDICATORS 


SCALES <u BRAND 


JOHNSON & SONS 
MANUFACTURING CHEMISTS, LTD. 
HENDON, LONDON, N.W.4 


LET’S SIMPLY BE ACCURA 
in pH determination 


For speed and accuracy in pH determination 
Marconi pH Meters, using the glass electrode, 
satisfy all requirements in industry and labora- 
tory. Electronics provides a means of making 
spot tests at any time, independent of colour 
comparisons—yet in so simple a fashion that 
neither special skill nor training is necessary 
The pH Meters are available either for mains 
or battery operation, each providing rapid 
readings accurate to -02 pH. A demonstration 
can be arranged to suit your convenience. 


For process control there are Marconi in- 
struments which provide continuous visible 
indication of pH or a permanent record on a 


twenty-four hour chart. Full particulars are 
available on request; when writing, please 
describe the process involved. 


MARCONI INSTRUMENTS LTD 


MEASUREMENT FOR INDUSTRY 


ST. ALBANS, HERTS. ’Phone: St. Albans 4323-6 Northern Office: 30 ALBION ST., HULL. "Phone: Hull 16144 
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WOUNDS, 
BURNS etc. 


HEAL RAPIDLY and 


WILL NOT TURN SEPTIC 
IF TREATED WITH wo, 


CUTANEOUS 6. 
VACCINE 


affords rapid relief of COMMON COLDS, INFLUENZA, AND CATARRH. 
Containing the antibodies of the germs common to infections of the nose and 
pharynx (Staphylococci, Streptococci, B. pyocyaneus,; pneumococci, pneumo- 58. 
bacilli, enterococci, M. catarrhalis, B. Pfeiffer), Rhino-Antipeol is not just a 
palliative, but is a remover of the cause of the infection. During epidemics it 
is the ideal preventive of microbic development. 


OPHTHALMO-ANTIPEOL 


is a semi-fluid ointment, more convenient than the ordinary Antipeol ointment 


64. 
S BECAUSE one or other or all of the three races of germs, Streptococci, Staphylococci, and 
ge B. pyocyaneus are found in every skin infection common to this country, and 
te ANTIPEOL OINTMENT contains the antibodies (antivirus) of these germs. 65. 
* Healing is expedited by the proved ingredients of the ointment, and septic 
ee development is stopped or prevented by its antivirus sterile vaccine filtrates. 
it ANTIPEOL OINTMENT is unsurpassed for BURNS and SCALDS, for it is 
2 microbicide and non-adhesive, and dressings do not require to be changed 
every day. 
56. 
RHINO-ANTIPEOL 
57. 
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for ocular infections and lesions. Eyes affected by smoke and dust are soothed 
almost immediately by the application of Ophthalmo-Antipeol, and the 
antivirus prevents germs from developing. 


Clinical Samples on request from 
MEDICO-BIOLOGICAL LABORATORIES LTD. 
CARGREEN ROAD, SOUTH NORWOOD, LONDON, S.E.25 
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Compton shift at 90°: 


The General Physical Constants. 


= (0-024265,, + 0-000005,) x 10-* cm. 


Energy in ergs of one abs.-volt-electron : 
E, = = 10°F /N, = (1-60203, + 0-00034) x erg. 
Energy in calories per mol. for one abs.-volt-electron per molecule : 


F, (abs. coul. per gram-equiv.) _ A 
Jis (abs. joules per cal.) 230525 + 3°, cal.y, mol.-*. 


Fine structure constant : 
a = 2nle’)*/he = { 


‘eRe = (17-2976, + 0-0008) x 10-%. 
1/a = 137-030, + 0-016. 
= (5-3256 + 0-0013) x 10-5. 
Gas constant per mol. : 
R, = = (831436 + 0-00038) x 10? erg. deg.-? mol.-}. 
R,’ = R, . 10-7/J,5 = 1-98646, + 0-00021 cal.,, mol.-}. 
R,” = V,'/T, = (8-20544, + 0-00037) x 10-* litre atmos. deg. mol.-?. 
R,’” = = Vo/T, = 82-0566, + 0-0037 cm.* atmos. deg.-? mol.-?; 
R,T,) = = (2:27115, + 0-00006) x 10% erg. mol.-1. 
Loschmidt number (0° C.. A,) : 
= = (2°6870,, + 0-0005,) x 10%* atmos.-* cm.-*. 
Magnetic moment of one Bohr magneton : 
2 3 
= (0-9273,, + 0-0003,) x 10-* erg. gauss. 
Magnetic moment per mol. for one Bohr magneton per molecule: | 
{ = 5585-2, + 1-6 erg. gauss.-! mol.-}. 
Mass of a-particle : 
| M, = (He — 2E)/N, = (6-6442, + 0-0012) x 10° g. 
Mass of atom of unit atomic weight : ‘ 
M, = 1/N, = (1-66035 + 0-00031) x 10-* g. 
Mass of electron : 
m = e/(e/m) = (F/N,)/(e/m) = (9-1066, + 0-0032) x 10-** g. 
Mass of 1H atom : 


Mass of proton : 
Mp = (2H — E)/N, = (1°67248, + 0-00031) x 10-* g. 
Radiation density constant : 
a = = = + 0-004,) x 10-* erg. cm.-* deg.—+. 
Ratio mass 1H atom to mass electron : 
M,,/m = (e/m)(*H/F) = 1837-54, + 0-5y. 
Ratio mass proton to mass electron: 
Mz/m = (e/m) = 1836-55, + 0-5. 
Second radiation constant : 


Mi, = 1H/N, = (1-67339, + 0-00031) x 10-* g. 


Tye? 
he/k = RN | = 1-4384, + 0-0003, cm. deg. 
Specific charge of a-particle : 
2e/M, = = 4822°3, + 0-5, abs.-e.m.u. gt. 
Specific charge of proton : : 
= = 9578-7, -+ 1-0 abs.-e.m.u. g-}. 
Stefan-Boltzmann constant : 


o = ae/4 = = 


= (5-672,, + 0-003,) x 10-* erg. cm.-* sec,—}, 


. 
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Wave-length associated with one abs. volt : 


dy = = { = (12895-, + x 10-® cm. abs.-volt. 


Wave number associated with one abs. volt : 

Sp = Udy = _ 9067-4, + 1-4 cm.-! abs.-volt-*. 

Wien’s displacement-law constant : * ‘J 
A = e,/4:965114 = 0-28971, + 0-00007 cm. deg. 

Zeeman displacement per gauss : 

(e/m) = (46699, + 0-0013) x 10-5 cm.-! gauss.-'. 


* The factor 4965114 is the root of + (8/5) — 1 = 0. 


55. Structure of Benzene. Part XI. Introductory Consideration of the Spectral 
Properties of the Vibrations of Some Deuterated Benzenes. 


By C. R. Bamey, C. K. INGotp, H. G. Poors, and C. L. WIitson. 


The investigation, described in Parts I—X, of the vibrational spectra of benzene and hexadeuterobenzene 
having established the model of the benzene molecule in equilibrium configuration, as well as the frequencies 
of all its spectrally active fundamental vibrations, attention is now turned to the problem of the inactive 
fundamentals, with a view to the eventual determination of the force field. In this —_ the method of investig- 
ation is explained, and some of the more useful relevant results of the application of general spectroscopic theory 
are given. The main work consists in the measurement and identification of the spectrally active fundamental 
frequencies of certain partly deuterated benzenes by study of their Raman and infra-red spectra. Subsidiary 
parts of the investigation deal with the fluorescence spectra of some of the more symmetrical isotopically 
isomeric benzenes, and with those higher harmonics which appear in the Raman and infra-red spectra of all 
the benzenes studied, including benzene itself and hexadeuterobenzene. 


(A) Scope and Method. 


(1) Spectrally Active Vibrations and Equilibrium Configuration.—This work was started (Parts I—IX, J., 
1936, 912 e¢ seq., 1210) with the object of elucidating, by spectroscopic methods, the equilibrium configuration 
of the benzene molecule, its vibrational modes and frequencies, and the system of forces within the molecule 
which maintains the configuration and controls the frequencies. 

The method was to study the frequencies, intensities, and any other observable spectral characteristics of 
as many vibrations as leave their record in the infra-red absorption spectrum, in the Raman spectrum, and in 
the vibrational structure of bands which compose the electronic band system of the near ultra-violet; and to 
do this not only for ordinary benzene, but also for a number of the isotopically modified benzenes which are 
obtainable from ordinary benzene by the replacement of some or all of its hydrogen atoms by deuterium. 

There are several reasons for pursuing parallel studies with isotopically isomeric forms: all depend on the 
circumstance that, in replacing an element by its isotope, we alter no nuclear charges, nor therefore any elec- 
tronic eigenfunctions, so that the whole internal force system remains unchanged. One result of this is that 
the sole effect of an isotopic substitution on the vibration frequencies of a molecule arises from known changes 
in certain atomic masses. There are accordingly calculable relationships between the frequencies of correspond- 
ing fundamental vibrations of any pair of isotopically isomeric molecules. Such relationships are independent 
of the common, initially unknown force system, but they will depend both on the configuration assumed for 
the molecule in equilibrium and on the particular fundamental modes of vibration to which they apply. 


- Accordingly, the experimental verification of a set of relationships for all the observed frequencies affords a 


means, not only of establishing the geometry of the equilibrium configuration, or “‘ model,” of the molecule, 
but also of identifying the frequencies observed in the spectra, i.e., of assigning them to the various vibrational 
modes of which the model is capable. 

In Parts I—IX the programme thus far outlined was carried out for the molecules C,H, and C,D,. The 
chief results were (a) the complete establishment of the plane, regular hexagonal model, and (b) the correct 
assignment to the appropriate vibrations of the model of the eleven fundamental frequencies which record 
themselves either in the Raman spectrum or in the infra-red spectrum of benzene. 

(2) Spectrally Inactive Vibrations and Force Field.—The remaining part of the programme depended on 
effects of isotopic substitution, not on frequency alone, but also on spectroscopic intensity. The general 
principles underlying the calculation of effects on intensity were discussed and illustrated by Lord and Teller 
in Part X (J., 1937,°1728). Quantitatively these effects may be rather complicated; but for a symmetrical 
molecule there exist also qualitative effects which are easily predicted : the intensity of any vibration in any 
particular type of spectrum may be in principle zero, or in principle different from zero, depending on whether 
the quantity (an electric moment or polarisability), whose value, averaged over the whole molecular con- 


figuration, controls the intensity, vanishes or not as a result of being averaged over a symmetrical system. | 


** Selection rules ’” may be formulated which express these symmetry-dependent properties, and tell us whether 
any particular mode of vibration will be “ forbidden ” or “‘ allowed ”’ in a given type of spectrum. 
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Owing to the high symmetry of the benzene molecule a number of its fundamental vibrations leave no direct 
record of their frequencies in either the Raman or the infra-red spectrum. The same is true, of course, for 
hexadeuterobenzene, which is identical in symmetry with benzene. The determination for these two molecules 
of the “‘ forbidden ” frequencies, which became a main preoccupation after the “‘ allowed ’”’ frequencies had 
been identified, was obviously desirable in order to complete our knowledge of the vibrations of benzene in 
these two isotopic forms. 

The plan for doing this was as follows. Vibrations, which are forbidden in a spectrum for reasons of 
symmetry, may become allowed and in principle observable if at least part of the symmetry is removed by 
dissymmetric substitution; but then the vibrations appear with altered frequencies, which in general bear 
no simple relation to the original inactive frequencies. If, however, the substitution is an isotopic one, there 
exist, as has been mentioned, certain relationships between the altered active and original inactive frequencies. 
In general these relationships are not of themselves sufficient to enable the inactive frequencies to be calculated ; 
but they form the main part of the body of data needed for this purpose. The rest one must hope to secure 
from either or both of two supplementary investigations. The first of these depends on success in the inter- 
pretation of the vibrational structure of the electronic band systems of benzene, hexadeuterobenzene, and 
perhaps of partly deuterated benzenes. The second consists in a detailed study of the overtones and com- 
bination tones of these substances, special attention being paid to the active first overtones and binary combin- 
ation.tones involving inactive fundamentals. This was the scheme, and (except for a slight setback mentioned 
later) this is very much how the matter has worked out. 

There was yet cnother reason for studying the vibrational spectra of the partly deuterated benzenes, and 
a further application to be made of the principle that isotopic substitution does not change the force field, for 
one of the objects of the work is to provide material for the determination of the forces within the benzene 
molecule. Now it is true of benzene, as of all but very simple molecules, that the number of its fundamental 
frequencies is smaller than the number of its elastic constants, even of its harmonic elastic constants. There- 
fore even a complete knowledge of tlie fundamental frequencies of ordinary benzene does not provide sufficient 
data for the calculation of the force system. But the same force system occurs in all the deuterated benzenes, 
and hence their frequencies, when determined, are also available to augment the body of data. 

A further remark is necessary concerning our scheme. It was important, of course, not only to observe 
the frequencies of the partly deuterated benzenes, but also to identify the corresponding vibrations. Owing 
to the high symmetry of benzene and hexadeuterobenzene, the Raman and infra-red spectra of these molecules 
each contain relatively few fundamental frequencies : had it been otherwise we might not have been able to 
interpret the spectra. If we should at once proceed to a deuterated benzene so dissymmetrically substituted 
that all vibrations are spectroscopically “‘ allowed,’’ very complex spectra would be observed, the interpretation 
of which would present great difficulties. Therefore the method we have followed is to remove symmetry from 
the benzene molecule in graded steps by properly oriented substitution, thus allowing previously forbidden 
vibrations to appear a few at a time. This procedure gives us the best chance of arriving eventually at a 
completely correct interpretation even of the most complex spectra, because at each stage of complexity the 
added complication is limited, and a full understanding of the related simpler spectra is available to assist and 
control interpretation. As in the already published work on benzene and hexadeuterobenzene, considerable 
use has been made of the frequency shifts produced by isotopic substitution for the purpose of assigning fre- 
quencies to their proper vibrations; and therefore when two isotopically isomeric benzenes exist, such as mono- 
and penta-deuterobenzene, which have identical symmetry and therefore the same active vibrations, both 
have beenexamined. These considerations determined the general scheme, which was to work in order through 
the list, given in Table I, of isotopically isomeric benzenes (cf. Part I, loc. cit.; also Nature, 1937, 139, 880). 
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TABLE I. 
Benzenes Examined and their Symmetry Classification. 
Symmetry. Formule. Some symmetry elements. 
Der C,H,; C.D, 3-Fold axis; centre 
1:3: 5-C,H,D 3-Fold axis (no centre) 
Dax(= Vs) 1:4-C,H,D,; 1:2:4:5-C,H,D, Centre (no 3-fold axis) 
Cy) C,H,D; ¢,HD, (No centre; no 3-fold axis) 


Each line in the table represents a symmetry class. In all the molecules the plane of the ring is a plane 
of symmetry. The numerical subscripts in the symmetry labels (col. 1) mean that the axis perpendicular to 
the ring-plane is a six-fold, three-fold, two-fold, and one-fold symmetry axis, and also that the ring-plane 
contains six, three, two, and one two-fold axes, in the four symmetry classes taken in order. Some other 
symmetry properties of the classes are explicitly given in the table. Clearly the four classes correspond to a 
progressive reduction of symmetry. 

Parts I—X dealt with benzene and hexadeuterobenzene. The examinations of the Raman and infra-red 
spectra of the remaining five of the benzenes listed has since been carried out according to plan, except that 
the tenth and last spectrum of the series is missing: This is the infra-red spectrum of pentadeuterobenzene, 
on the study of which we were just about to embark in 1939 when the work was interrupted. It is probably 
our lack of acquaintance with this spectrum that is responsible for the circumstance that one of the inactive 
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frequencies of benzene in the list we shall present is still lacking complete confirmation. These papers are 
therefore in the nature of an interim report, and are published as such (contrary to our original intention) in 
view of the importance of the inactive frequencies in connexion with the thermodynamic functions of benzene 
and its derivatives, the study of which is at present being actively pursued in other laboratories. 

Concerning the ultra-violet band spectra of benzene and its deutero-derivatives, we have revised our earlier 
somewhat tentative analysis of the fluorescence spectra of benzene and hexadeuterobenzene in the light of the 
important advances in the interpretation of electronic spectra which have been made by Sklar, Sponer, Teller, 
and others within the last few years. We have also photographed and similarly analysed the fluorescence 
spectrum of 1:3: 5-trideuterobenzene. These spectra have given useful new information concerning the 
vibrations of the electronic ground states of these molecules, but not to the extent that was hoped. What 
was not clear when we commenced this work in 1936 is obvious now, namely, that these spectra are chiefly 
valuable for increasing our knowledge of the vibrational frequencies, not of the normal state of the molecule, 
but of the electronically excited state which, along with the normal state, is involved in the electron transition 
responsible for the band system. 

More important than these spectra as a source of supplementary information for the determination of the 
inactive frequencies has been the study of overtones and combination tones. A large number of these weaker 
frequencies have been measured in the various spectra. An interpretation of those which occur in the Raman 
and infra-red spectra of benzene and hexadeuterobenzene was attempted in 1936, but with only partial success, 
We now advance an interpretation of the spectra of these and the other benzenes which is so complete and 
consistent that we think it is likely to prove permanent. 

Valuable contributions to the subject have been made by other workers since 1936. These will be referred 
to in their context, but it may be mentioned here that some important evidence concerning the inactive fre- 
quencies has emerged as a result of thermodynamic studies by Andrews, Lord, and, very recently, by Pitzer 
and Scott. The Raman spectra of partly deuterated benzenes have already been studied by Redlich and 
Stricks, and much more extensively by Langseth and Lord. However, it was necessary to go over the ground 
again since these workers overlooked some of the fundamental Raman frequencies, and wrongly identified 
some others—omissions and errors which frustrated an attempt by Andrews to reconcile the frequencies 
collectively with his own thermodynamic results. There are no previous measurements of the infra-red spectra 
of partly deuterated benzenes, except that some of our own measurements have been published in preliminary 
short notes to which references are given later. 


(B) Symmetry and the Fundamental Vibrations. 


An application to the vibrations of the benzene molecule of the methods of symmetry theory as developed 
for the spectroscopic field by Brester and Placzek was outlined in Part VIII (loc. cit.). We here set forth the 
arguments in a somewhat broader manner, suitable to the intended range of applications. Our previous 
discussion was designed primarily to provide for an initial uncertainty with respect to the molecular model. 
This time we assume the plane, regular hexagonal model, but now we wish particularly to consider the effect 
of modifying its symmetry by substitution. 

(1) Symmetry of the Molecular Models.—It is necessary to recall the method of specifying symmetry. A 
molecular model, regarded as a system of atomic point-masses situated at the equilibrium positions of the 
nuclei, possesses, certain ‘‘ elements ”’ of symmetry, that is, operations of rotation round an axis, reflexion 
across a plane and inversion through a centre which convert the model into itself. A complete “ group ” of 
such elements possesses the fundamental group property that each of its elements is a product of two of its 
elements. These relations between the elements mean that only a limited number of them are independent. 
A set of elements so selected from the group that none of the set can be derived as products from others of the 
set, whilst all the remaining elements of the group can be expressed as products of members of the set, may 
be called a ‘‘ specifying set.”* Unlike a group of symmetry elements, which is a unique expression of the 
symmetry, a specifying set of elements can generally be chosen in alternative ways, any one of which is sufficient, 
though not more than sufficient, to define the whole group and therefore the symmetry. 

When a parent molecule is so substituted that part of its symmetry is destroyed, the resulting molecule will 
possess fewer elements, which will form a group: such a group is called a ‘‘ sub-group ”’ of the parent group. 
From the sub-group we can select, usually in more than one way, a specifying set of elements for the sub- 
stituted molecule. If all the elements of such a specifying set are included amongst the elements of a specifying 
set for the parent molecule, the former specifying set will be described as a “‘ sub-set ” of the latter. 

Rectangular co-ordinate axes, 7, y, z, fixed in the molecules to be considered, are taken as shown in the 
diagrams below, in each of which either A represents protium and B deuterium, or vice versa. The Schdnflies 
symbols for the different types of symmetry are indicated : D,, denotes the parent group while D,,, V;, and 
Cy, are its sub-groups. In group D,, the co-ordinate axes are axes of symmetry; and there are four other 
symmetry axes, which are obtained by rotation of x, y, by +2n/3 about z; these will be labelled x+, y+. 

In Table II the symmetry elements of these groups are set out: J represents identity (the ‘“‘ operation ” 


* A name seems wanted: ‘‘ sub-group” and ‘‘cless” already have other established meanings. Elements of a 
‘* specifying set ’’ were called ‘‘ specification elements ” in Part VIII. They should not be called ‘* essential elements 
(as has since been done), because in general alternative specifying sets exist, with the result that not all, possibly not 
even any, of the elements of a particular specifying set are ‘‘ essential ’’ to the definition of the group. 
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Benzene. i i Monodeuterobenzene. 
Hexadeuterobenzene. . Pentadeuterobenzene. 


of doing nothing), J inversion through a centre of symmetry, C,j rotation by + 2n/p around axis j, 6; reflexion 
across a plane perpendicular to j, and S,j rotation by +2n/p around j (= %, y, z) with accompanying reflexion 
across the perpendicular plane. Each operational symbol represents one operation, except C,j and S,j, which, 
because of the two directions of rotation, comprise two operations, unless p = 2, when each denotes only one 


(Sei = J). 
Taste II, 
Symmetry Elements of Groups Dg, Dsn, and 


Dg (multiplicity 24). (multiplicity 12). 


Element. Multy. Element. Multy. 
=Cy.Ccy 


<4 


= C,*. 


4). 


Element. Multy. 
I =Cy.cy 1 
Cy 1 


1 
= o,. Cy 1 
The table includes a series of inter-operational equations so chosen as to exhibit for each group a specifying 
set of operations. The first half of any group of operations consists of pure rotations, whilst the second half 
comprises oy same rotations applied after an inversion or reflexion. The specifying set thus disclosed for 
Dw is C;*, Cy?, CY, J. Itis possible from this, by the omission of C,*, to derive a specifying sub-set for V;; 
but it is bens asae by any omission so to derive sub-sets which are ‘ specifying for D;, and C,,. However, 
since C,* J. = o,and C,*.«, = J, wé can replace J by 6, in the original set; and likewise, since C,* . C,¥ = C,* 
and C,*. = Cr we can replace Cw by C,*. These changes make it possible to derive specifying sub-sets for 
any pth Specifying sets for D,,, D5,, V,, and C,, contain 4, 3, 3, and 2 elements respectively; three 
series of related sets and sub-sets are shown in Table III. n 


TaBLeE III. 
Specifying Sets of Elements for the Groups Dg, Dg,, Vn, and Cy. 
Set and sub-set I. Set and sub-sets II. Set and sub-set III. 
CY, J 
None 


None’ 


(2) Symmetry of the Vibrations—The vibrations of a molecule consist, in harmonic approximation, of 
fundamental (or “ normal ’’) modes, characterised by their frequencies v, and their normal co-ordinates, q,. 
The latter are independent linear combinations of the spatial co-ordinates of the nuclei, and therefore can be 
taken to represent internal degrees of freedom. They have the property, both in classical and in quantum 
mechanics, that the potential energy is the sum of square terms, each depending on only one normal co-ordinate : 


V= (ky = 4n*v,*) 


It follows, classically and quantally, that the vibrations are orthogonal, none calling forces into play that 
affect another. Classically, displacements in normal co-ordinates, g,, are sine functions of the time, having 
frequencies v,. Quantally, the same frequency characterises the radiation associated with allowed transitions 
among vibrational states whose vibrational wave functions are identical but for factors which are functions of 
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q,. Displacement in a normal co-ordinate may be represented geometrically by a set of vectors attached to 
the nuclei (‘‘ vibration forms ’’). 

Since V arises purely from internal forces, it must have the full symmetry of the molecular model. The 
invariance of V under all the symmetry operations requires that each operation must convert each 4, either 
(1) into g,, or (2) into —q,, or (3) into a different g,, or linear combination of g,’s, having the same value of k,, 
i.e., the same frequency. According to what happens, the vibration is said to be either (1) symmetric, or (2) anti- 
symmetric, or (3) degenerate, with respect to the operation. The last possibility arises in the trigonally sym- 
metrical groups D,, and D,,, which have a number of ‘‘ doubly degenerate ” normal vibrations, 7.e., pairs of 
identical frequency. For in these groups any vibration diagram which has of trigonal symmetry (C,*) can 
appear in three forms which are geometrically identical except for orientation; and since there is one relation 
between the three, namely, that the sum of their displacements is zero, they can clearly be made from two 
independent q,'s of the same frequency. Vibrations are classified with reference to their behaviour in the whole 
group of operations belonging to the model, but the classes will, of course, be correctly given if we consider, 
not the whole group, but a specifying set of operations, because any such set determines the group. 

In Part VIII we classified the vibrations of D,, molecules by reference to specifying set I of Table III, 
because of the spectroscopic importance of the centre of symmetry, J. It is more convenient now to use 
set II and its sub-sets, which are specifying for all the types of symmetry with which we are now concerned, 
In later papers we shall require the sub-sets of set III. 

In any symmetry group which does not contain the element C;‘, every vibration must be either symmetric 
or antisymmetric to each of the symmetry elements. In tables which follow, symmetry and antisymmetry 
with respect to a symmetry element are respectively denoted by + and by — (meaning multiplication of the 
normal co-ordinate by +-land —1). Inany symmetry group which contains C,’, the non-degenerate vibrations 
are symmetric to C,*, but may be either symmetric or antisymmetric to each of the other elements of the specify- 
ing set. Degenerate vibrations behave in a special manner to C,¢ and C,¥, but are either symmetric or anti- 
symmetric towards C,* and towards 6,. Their common behaviour towards C,Y may be simply expressed by so 
choosing the independent components of the degenerate pair that one is symmetric and the other antisymmetric 
to the symmetry operation : this result is denoted by the symbol +. The common effect of applying operation 
C,f to degenerate vibrations may be represented by choosing the components of the degenerate pair in the com- 
plex form expressing opposing rotations, which then suffer a simple change of phase. This result is designated 
e* (meaning multiplication of the complex normal co-ordinates by: e**"*), 

By setting out all the possible combinations of these different types of behaviour, which vibrations may 
exhibit under the symmetry operations of a specifying set, we define the ‘‘ symmetry classes ” into which the 
vibrations may fall. For the groups with which we are concerned, these symmetry classes are labelled with 
symbols which indicate their symmetry properties according to the set of conventions listed in Table IV. 


TaBLe IV. 
Symmetry Class Symbols of Groups D6, Vir Cav- 
Group. Class symbol. Class symbol. 
A. =sym. to C;*, and to C,* 1 = sym. to Cv 
D., 412 = sym. to not to Cf 2 = antisym. to C,Y 
’ sh’) E+ = degen., sym. to C,* g = sym. to J 
E- = degen., antisym. to C, 4 = antisym. to J 
A 
=s to = antisym. 
= ? = sym. to 0, 


= sym. to C,f, and to C,Y i 
vy, 1B: = sym. to C,¥, not to Cy g = sym. to J 
= sym. to C,Y, not to C,# y = antisym. to J 
B, = antisym. to C,’, and to 
A =sym. to Cy = sym. to g, 
Cry = antisym. to = antisym. to } 


The first column of each of the Tables VII—X (pp. 227—228) contains the descriptive labels of the sym- 
metry classes. The next few columns in each table show in detail the symmetry properties of the various 
classes with respect to the symmetry elements of those specifying sets which have been chosen to represent the 
symmetry groups. 

The vibrations of any pair of symmetry classes of grou 1 D., which are so chosen that their behaviour 
with respect to the operations of the specifying set differ only in relation to one or more symmetry elements 
which disappear in a sub-set, will retain no distinction of symmetry in the corresponding sub-group. Thus 
each symmetry class of each of the sub-groups D;,, V;, and C,, may be regarded as compounded by the fusion 
of two or more classes of the group D,,. The D,), classes which bear this relation to the.classes of the groups 
Dsn, Vn, and Cy, are shown next after the detailed symmetry properties of the classes in the tables relating 
to these sub-groups. Inasmuch as group C,, is a sub-group of D,, and also of Vj, there is a similar fusion of 
the classes of these latter groups to form those of group C,,. The whole pattern of relationships between the 
symmetry classes of the different groups and sub-groups is shown in Table V. 
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TABLE Vv. 
Relations between Symmetry Classes of Group D4, and its Sub-groups. 


+ 


Cro A, Ag B, By 

Vp Boy ‘Ay & y= Ba 


(3) Distribution of Vibrations with Respect to Symmetry.—The number of vibrations which a molecule 


in any synimetry class depends, not only on symmetry, but also on the numbers and types of the 
atoms involved. Placzek’s method of calculating the number commences by placing the molecular model in 
a potential hollow of its own symmetry, so that the translational and rotational degrees of freedom become 
included amongst the vibrations. The model is then divided into “ point-sets,’’ a point-set consisting of those 
mass-points which can be generated from one mass-point by the symmetry operations of the model. Thus 
1: 3: 5-trideuterobenzene has four point-sets, the 1 : 3 : 5-carbon atoms, the 2 : 4 : 6-carbon atoms, the protium 


TaBLE VI. 
Proper Symmetries of Point-sets of Benzenes of Symmetries Dep, Dgp, Vp, and Coy. 
(In the formule either A = H and B = D or A = D and B = H.) 


Molecule. ' Point-set. Prop. sym. Molecule. Point-set. Prop. sym. 
C,A 1:2:3:4:5:6-C Cc 
(Da) {1:2:3 4:5:6-A Cun 
5- ” ” 
254:6-C CAB, J4B 
2:4:6-B (Coy) 2: 6-C Cs 
Cc 2B, 1:4A 3 5-B ” 
*(V 2) 2:3:5:6-C Cs ” 
2:3:5:6-B 


Proper sym. Cy,:—Group: I, C,¥, o,, o,. Specifying set: a, 
atoms and the deuterium atoms. Any point-set has a “‘ proper symmetry,” which consists of all those oper- 
ations of the model which can be performed on a point of the set without generating any other point of the set. 
The operations of a proper symmetry form a group, and this, if not the group of the symmetry of the model 
itself, is always a sub-group of that group. Accordingly, a proper symmetry can be defined by a selection of 
symmetry elements constituting a specifying set, which, if not specifying for the model itself, can always be 
chosen as a sub-set of a set which is specifying for the model. Table VI shows the point-sets into which our 
benzene molecules may be divided, together with their proper symmetries, the groups of elements composing 
these symmetries, and convenient specifying sets. 

The general rule giving the number of vibrations contributed by a point-set to a symmetry class is that it 
is equal to the number of independent linear combinations of the spatial co-ordinates which show the behaviour 


TaBLe VII. 
Normal Vibrations of Benzene Model Dg, 
(Examples : C,H,, C,D,.) 


Non-vanishing components of 
Sym- Specifying set of elements. Vibs. per 
metry point- Trans. M (Infra-red a (Raman 
class. Ce. Cy. set C,, androt. Vibs, activity). activity). 
A + + + + 1 _ 2 F = Gyys Azz 
Aw + + + 0 0 
Ag + +> - + 1 R, 1 F F 
Ay + + - - 1 T, 1 M, F 
By + - + - 0 — 0 F F 
By + = + + 1 _- 2 F F 
+ + + = 
e* + + 2 3 M,, 
x eF ~ _ + Non-degenerate 10 Parallel 1 Pol. 2 
y - + + 2-Fold degenerate 10 Perpr. 3 Depol, 5 
Degrees of freedom 30 — 


Frequencies: 20. Active: 11. ‘Inactive: 9. In common : 0 
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of the class towards the elements of the proper symmetry of the point-set. Statements of the symmetry pro- 
perties of the co-ordinates, x, y, z, are included in Tables VII—X. The total number of vibrations in any 
symmetry class will be the sum of the numbers contributed by the point-sets; for these are not coupled to 
one another by symmetry, but only through the force field, which cannot affect the number of degrees of freedom 
having any given symmetry. 
TaBLe VIII. 
Normal Vibrations of Benzene Model Ds). 
(Example: 1:3 : 5-C,H,D,.) 


Non-vanishing com: nents of 
Specifying set of elements. 
Symmetry Component Trans. M (Infra-red a (Raman 
class. CY. Che Dg, classes. and rot. Vibs. activity). activity). 
A,’ + + + Ay, B 4 F = Ay; 
A,’ + _ a 29 , Bu, R, 3 F F 
€ + + Ly zy = — 
E e* + 3 F 
Non-degenerate 10 Parallel 3 Pol. 4 
y “ + 2-Fold degenerate 10 Perpr. 7 Depol. 10 
Frequencies: 20. Active: 17. Inactive: 3. In common : 7 
TaBLe IX. 
Normal Vibrations of Benzene Model Vj. 
(Examples: 1:4-C,H,D,; 1:2:4: 5-C,H,D,.) 
Specifying set of elements. ¢ 
Symmetry ¢ “ ~ sh Trans. M (Infra-red a (Raman 
class. Che classes. and rot. Vibs. activity). activity). 
A + + + Ay, E,* 6 F @ 
Ay + + 2 F 
By + Am 3 M, 
By B,. R 1 F 
Bu + + By. 5 My, 
* + Non-degenerate 30 y-Parallel 3 Pol. 6 
+ Degenerate 0 10 Depol. 9 
+ Degrees of freedom 30 
Frequencies: 30. Active: 28. = Inactive: 2. In common : 0 


TABLE X. 
Normal Vibrations of Benzene Model C,,. 
(Examples: C,H,;D, C,HD,.) 


Non-vanishing components of 


Specifying elements. 


Symmetry Component Dg, Trans. and (Infra-red a (Raman 
class. Cy. a, es. rot Vibs. activity). activity). 

A + + Egt, Ey” 1l M. 
* + Non-degenerate 30 ¥-Parallel 6 Pol. 11 
y + + Degenerate 0 y-Perpr. 21 Depol. 19 

Frequencies: 30.. Active: * 30. Inactive: * 0. In common : 27 


The numbers of vibrations calculated in this way include the so-called “‘ null vibrations,” i.e., those which 
become ordinary translations and rotations when the imposed external force-field is removed. From the 
symmetry properties of translations and rotations, the symmetry classes to which these degrees of freedom 
belong may easily be identified. They are indicated in Tables VII—X by the following notation : T; represents 
a translation parallel to j, and R; a rotation around an axis parallel toj; Tg denotes a translation, having two 
degrees of freedom, in the jk-plane, while Ry similarly signifies a rotation with two degrees of freedom about 
axes in the jk-plane (j,k = x,y,z). The null vibrations being thus accounted for, the numbers of true vibrations 
in the symmetry classes follow by difference as shown in the tables. 

* Note.—Two of the three A, frequencies, which are allowed to be Raman active (a,, need not vanish) by their 
—— classification, can be shown to be inactive (az, vanishes) by more detailed considerations (cf. Part XX). 

he remaining one is active (a,, does not vanish). 
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(4) Spectral Activity of the Vibrations.—It is well known that intensity in the infra-red absorption spectrum 
is dependent on integrals (matrix elements) which measure the amplitude of the x-, y-, and z-components of the 
oscillating electric moment associated with the vibrational transition. The integrals are of the form 


M, = | yM,* 


where ) and yf’ are the total vibrational wave-functions (wholly real) of the combining states, and M;* is the 
difference between the j-component of the electric moment of the molecule for a given nuclear configuration 
and the j-component of its electric moment in equilibrium configuration. For a non-linear m-atomic molecule, 
y is the product of 3n — 6 wave functions, ,, of the form of the wave-function of the linear harmonic oscillator, 
each a function of only one argument, viz., the normal co-ordinate g,; and correspondingly dg represents the 
product of the 3 — 6 differentials dg,. The conditions for the appearance in the infra-red spectrum of the 
fundamental frequency of vibration v is that at least one of the integrals M;, My, M, shall not vanish when 
y and y’ differ only with respect to the single factors p, and ,’, which are functions of the same q,, and differ 
_ in quantum number by unity. It follows from the forms of the harmonic oscillator wave functions (Hermite 
| polynomials multiplied into exponential functions) that ), y,’ is an odd function of g,, and that therefore the 
integrals will not vanish as a result of the integration by dg, only if M;* changes sign with q,, that is, if M;* has 
the same symmetry properties as g,. The symmetry properties of M,+, M,+, and M,* are those of the co- 
ordinates x, y, and z; and these may be read in Tables VII—X, and directly compared with the properties of the 
normal co-ordinates of the various symmetry classes. The components of the transition moment, M, which 
do not vanish are indicated in the penultimate columns of the tables: the entry F means that all three com- 
ponents vanish, and that the vibrations of the symmetry class are forbidden in the infra-red. 

For the symmetrical-top benzene molecules of the D,, and D,, groups, a useful distinction exists between 
the fundamental infra-red bands of vibrations for which the transition moment is parallel to z and those for 
which it has the x- or y-direction. The former, called “ parallel bands,” have a relatively broad rotational 
structure, because the two principal moments of inertia perpendicular to the transition moment are the two 
smaller ones. The latter, the “‘ perpendicular bands,” have a distinctly narrower structure, essentially because 
one of the two moments of inertia perpendicular to the transition moment is the large one. For instance, 
the separations of the intensity maxima of the P- and R-branches of the parallel bands of C,H,, C,H,D,, and 
C,D, are about 25 cm.-', whilst the corresponding separations for the better resolved perpendicular bands are 
closer to 16 cm.-1. Even in the asymmetrical-top molecules of the V, and C,, symmetry groups a similar 
qualitative distinction applies, because, although all three principal moments of inertia are now different, the 
one about the z-axis must still be equal to the sum of the other two, which, because of the small masses of 
protium and deuterium compared to carbon, will not differ greatly from each other. Thus we can still distin- 
guish relatively broad “‘ pseudo-parallel ’’ bands (as we call them), whose transition moments are parallel to z, 
from the narrower “ pseudo-perpendicular ” bands, the transition moments of which have the #- and y-direc- 
tions. These distinctions, which provide a check upon the assignment frequencies, are noted in the tables. 

Intensity in the Raman spectrum is dependent, according to Placzek’s theory, on matrix elements of the 
components of the oscillating polarisability which is associated with a vibrational transition : ; 


Here a+ represents the difference between the jk-component of the polarisability of the molecule in a given 
nuclear configuration and the same component of its polarisability in equilibrium configuration; , y’, and dg 
have the significance already mentioned. A transition in which one normal vibration changes its quantum 
number by unity may record its frequency in the Raman spectrum provided that at least one of the integrals 
Lyy, Cys, Cee, does not vanish; and, as discussed above in connexion with the dipole moment 
integrals, any polarisability integral ay, will not vanish only if ay, has the symmetry properties of the normal 
co-ordinate of the vibration. A polarisability component a, * will suffer symmetry transformations which, 
since they are products of those undergone by the co-ordinates j and k, can be deduced by multiplying 
together the operators, listed in Tables VII—X, which express the behaviour of the two co-ordinates *; the 
resulting symmetry properties can then be directly compared with those of the vibrations in the various sym- 
metry classes. Those components of the transition polarisability which do not vanish are indicated in the 
last columns of Tables VII—X, where, as before, the entry F means that all components vanish, and that the 
vibrations of the symmetry class are forbidden. 

The main experimental distinction between Raman frequencies relates to their state of polarisation. Placzek 
has shown that only vibrations which are symmetric with respect to all the elements of symmetry of the mole- 
cular model, the so-called “‘ totally-symmetrical ”’ vibrations, can give rise to Raman lines whose depolarisation 
factors may fall below the value of 6 /T; such lines are described as ‘‘ allowed to be polarised,” or, more simply, 
as ‘‘ polarised,” although their depolarisation factors may lie anywhere between zero and the upper limit. 
All other vibrations which are active for the Raman spectrum produce so-called ‘‘ depolarised ”’ lines, for which 

* In carrying out this multiplication of operators it should be noted that the ong (e*)(eF) has the two values + 


and e¥, since two rotations by +22/3 may produce rotation by 0 or +27/3. S y the uct (+)(+) has the three 
values +, —, and +. : 
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the depolarisation factor is equal to 6/7. These distinctions, which are of importance for the assignment of 
frequencies, are noted in the tables. 


(C) Geometrical Forms of Normal Co-ordinates. 


(1) Benzenes of Do, Symmetry.—As we pointed out in Part VIII, the vibration forms of benzenes of the 
D., Symmetry group can be largely determined by simple geometrical reasoning based on the symmetry and 
orthogonality of the normal co-ordinates, without any prior knowledge of the frequencies or the force system. 

Orthogonality means that the work done by displacement in any one normal co-ordinate against the forces 
called into play by displacement in any other normal co-ordinate is zero; or, in terms suitable to direct geo- 
metrical application, that the sum over all the mass-points in the molecule of the product of the mass of a 
point and the scalar product of its displacement vectors in two vibrations must vanish for every pair of vibrations, 

We shall require for reference a more complete diagram of the vibration forms of the D,, benzene model 
than was given in the earlier publication, in which only one component of each degenerate pair of normal 
modes was depicted. In the figure we show vibration forms corresponding to the 30 internal degrees of freedom 
of benzene. They are exhibited in relation to the symmetry classes of the D,, model. The A vibrations, 
which have a 6-fold z-axis, are in the first row, and the B vibrations, with only a 3-fold z-axis, are in the second 
row. The next two rows contain the degenerate E+ vibrations, which have a 2-fold z-axis, and the last two the 
degenerate E~ vibrations, for which the z-axis is only one-fold. The vertical dividing lines distinguish sym- 
metry from antisymmetry with respect to the 2-fold y-axis, and also with respect to the centre, or alternatively 
the xy-plane, of symmetry. The totally symmetrical vibrations, A ,,, are in the first rectangle. The members 
of each pair of degenerate vibrations are connected by a brace. As is well known, the components of any 
degenerate pair of vibrations can be chosen in an infinite number of ways. We have in all cases chosen them 
so that one, labelled a, is symmetric with respect to the 2-fold y-axis; the other, labelled b, then becomes fully 
determined by the orthogonality principle. 

When the carbon and hydrogen point-sets of the D,, model each contribute only one vibration, or one 
degenerate pair of vibrations, to a symmetry class, one of the two vibrations or degenerate pairs that can be 
formed by combining the contributions must involve parallel displacements, and the other antiparallel displace- 
ments, of corresponding carbon and hydrogen atoms: these are the only types of combination that are per- 
mitted by the orthogonality relationship and the symmetry restrictions of the class. In some symmetry classes 
the combination vibrations are true vibrations; in others one vibration or one degenerate pair is of the “ null” 
type, and this leaves only one true vibration or degenerate pair in the symmetry class.* Thus in all classes 
which contain either one or two vibrations, or one or two degenerate pairs, the principles of orthogonality and 
symmetry completely determine the vibration forms. It is otherwise with the symmetry classes E,+ and E,~, 
which respectively contain, four and three degenerate pairs. For these, the diagrams given in the figure satisfy 
the orthogonality and symmetry conditions, but so also would any set of four degenerate pairs made by combin- 
ing orthogonally the four E,+ pairs, or any set of three formed similarlyfrom the E,,~ pairs. In order accurately 
to determine which are the right orthogonal sets we should require to know the force field; but, as was shown 
in Part VIII, the vibration frequencies themselves provide some approximate guidance, and accordingly, that 
investigation has been utilised in trying to make the diagrams now given moderately true to reality. 

The descriptive labelling of the symmetry classes follows the conventions summarised in TableIV. Within 
the classes we distinguish by the additional label (C), meaning ‘‘ carbon-vibration,”’ those vibrations in which, 
on account of the parallel coupling of the contributions of the carbon and hydrogen point-sets, each carbon 
atom carries its hydrogen atom with it, the CH-group moving practically as a unit; and likewise, by an 
additional label (H), signifying ‘‘ hydrogen-vibration,”’ those vibrations in which, on account of antiparallel 
coupling, the atoms of each CH-group vibrate with an approximately fixed centre of gravity, most of the motion 
being in the hydrogen atoms on account of their relative lightness.| Only in the E,* and E,~ classes have we 
to introduce additionally a numerical label, 1 or 2, in order to provide completely specific symbols for the 
vibrations. 

(2) Benzenes of Lower Symmetry.—When some of the hydrogen atoms of ordinary benzene are replaced by 
deuterium with partial loss of molecular symmetry, the classes of the D,, group coalesce in pairs or larger 
sets, as we have seen, to form smaller numbers of new symmetry classes. All of these contain more than two 
vibrations, or more than two.degenerate pairs of vibrations; and hence, except in a very few special cases, the 
vibration forms of the partly deuterated benzenes cannot be uniquely determined on the basis of symmetry 
considerations and the orthogonality principle only. Therefore, in our consideration of the vibrations of these 
benzenes, the vector diagrams of the figure will be treated only as a starting point : from particular sets of these 
diagrams, new sets, more closely approximating to the true normal modes, will have to be made by orthogonal 
linear combination; and this process will have to be guided by all the information which the spectroscopic 
observations provide—just as with the E,+ and E,~ vibrations of ordinary benzene. This matter involves a 
good deal of detail, and is best discussed in association with the relevant experimental data. 


* Orthogonality to null vibrations merely means that, in a true vibration, the molecule as a whole must possess 
neither linear nor angular momentum. 

+ The statement that the carbon and hydrogen amplitudes in a CH-group are about equal in a C-vibration rallel 
coupling), and that the hydrogen amplitude is much the greater in a H-vibration (anti el coupling) is gen y true, 
but requires some modification in certain cases. The matter is discussed in detail in Part XVII. 
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Vibration forms of the Dey, benzene model. 
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(D) Relations between Fundamental Frequencies. 


_ (1) The Product Theorem.—As has been mentioned, the problem of assigning observed frequencies to their 
proper vibrations is much assisted by the relationships between the frequencies of isotopically isomeric mole- 
cules, which are summarised in the product theorem of Teller and Redlich (Part VIII, Joc. cit.). Their formula 
is dependent on the assumption of a harmonic potential, but requires no further knowledge of the potential 
system. It refers to the product II of the frequencies v of vibrations of the same symmetry class, c, and shows 
how to calculate the ratio + of such products for two isotopically isomeric molecules, which are distinguished in 


the formula by dashes : 
Tr’ ” 


(2) Application to Molecules of Like Symmetry.—We suppose first that the two molecules under comparison 
have the same symmetry. In this case p enumerates the point-sets as defined above, m denotes the mass of an 
atom of a particular point-set, and m the number of its contributions to the vibrations of class c as already 
defined. In forming the frequency products it is convenient to introduce the common frequency of a degenerate 
pair of vibrations only once: consistently, in reckoning m a degenerate pair must be counted as a single contri- 
bution. Null vibrations must be included with true vibrations in calculating », but for each of the ¢ trans- 
lations so included, the formula provides a factor consisting of the ratio of the molecular masses M, and, for 
each of the included ¢ rotations, a factor which is the ratio of the relevant moments of inertia J. Degenerate 
null vibrations are counted only once in reckoning ¢ and r. 


TABLE XI. 


Theoretical (Harmonic) Values of the Frequency Product Ratio, t, for Some Pairs of the Molecules 
CeH,, C.H;D, 1: 4-C,H,D,, 1: 3: 5-C,H,D,, 1:2: 4: 5-C,H,D,, CgHD,, 
(a) Greatest common symmetry Dg. 
C,H, 
C.D, 
1-414 
1-414 
1-414 


Dea 
classes. 


£,*, 
Ext, Ey 
1-388 


(c) Greatest common symmetry Vp. 
CoH,  CoHyD,  C,H,D, 


Bans 
1:396 0-988 1-396 Bo. 1-396 1-396 
(d) Greatest common symmetry Coy. 
C,H,D 


1-374 


(3) Application to Molecules of Unlike Symmetry.—When the molecules under comparison have different 
symmetries it is necessary to alter, for one or both of them, the previously defined concepts of point-sets, 
symmetry classes, and the degrees of freedom contributed by the former to the latter. A special case arises in 
which the symmetry of one molecule is a sub-group of that of the other, as with 1: 3 : 5-C,H,D, and C,H,. 
All that is then necessary is a preliminary degradation of the symmetry of the more symmetrical molecule to 
that of the less symmetrical molecule, by the placing on certain mass-points of imaginary distinguishing marks, 
which are supposed not to alter the masses or any other dynamical characteristics. For instance, we might 
thus mark similarly the 1-, 3-, and 5-hydrogen atoms of benzene : then, instead of getting two point-sets and 
twelve symmetry classes (two without vibrations), we should have four point-sets and six symmetry classes 
(one without vibrations), just as with the trideutero-compound. The contributions m of the new point-sets p 
to the new symmetry classes c must be calculated on this basis. The way is then clear for an application of 
the formula, which will provide a product-ratio + for each symimetry class of the less symmetrical molecule, 
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+ Der C,H, C,H;D, C,H, C,H;D, 
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classes. class. . C,H,D, classes. class. C,H,D, C,H,D, C.D. spec 
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that is, for each of the sets of classes of the more symmetrical molecule that coalesce to form a single class in 
the less symmetrical. 

In the more general case, in which the symmetry of one molecule is not a sub-group of that of the other, it is 
necessary to find the sub-group which comprises all the symmetry elements that are common to the two mole- 
cules. Then the symmetry of each molecule must be reduced to that of this most symmetrical common 
sub-group by the imaginary labelling process described above. The numbers of point-sets will thus be increased 
and the numbers of symmetry classes reduced; but these are the point-sets and symmetry classes for which 
the contributed degrees of freedom must be calculated before applying the product formula; and it is over these 
classes that the products of frequencies must be taken. A comparison of the molecules 1 : 3: 5-CgH,D, and 
1: 4-C,H,D, would provide a case for this procedure. Their symmetries are D,, and V, respectively, of which 
the most symmetrical common sub-group is C,,. The last has four symmetry classes, and it is for each of these, 
or in other words, for those sets of classes of the D,, and V; symmetry groups which coalesce to form each of 
them, that the formula provides a product ratio. 

(4) The Product Ratios—Table XI gives the theoretical (harmonic) ratios of frequency products for a 
number of pairs of the isotopically isomeric benzene molecules with which we shall be concerned. The only 
numerical data used are the isotopic weights, H = 1-008, D = 2-014, C = 12-00, and the inter-nuclear distances, 
C-C = 1:394.,C-H = 1-08a. The list is not exhaustive, but it includes the more useful ratios. 

(5) Anharmonicity.—The general effect of anharmonicity is to reduce frequency, and to do so more strongly 
the greater the vibrational amplitude; amplitudes will on the whole be greater in the lighter of two isotopically 
isomeric molecules. Since in forming each product ratio we have chosen to put the frequencies of the lighter 
molecule in the numerator, the ratios are for the most part greater than unity. Thus the general effect of 
anharmonicity should be to reduce the ratios, as was originally pointed out by Teller. This prediction is borne 
out by our experience. . 

The deviations are not quite regular, but the percentage deviation shows a marked tendency to increase as 
the product ratios themselves increase. When using product ratios for the purpose of calculating unknown 
frequencies from known frequencies we have found it useful to adopt the definite scale, given below, of correc- 
tions for anharmonicity. Although in any individual case some uncertainty as to the exactly appropriate 
correction must remain, the adopted corrections are derived from a consideration of all the deviations which 
are definitely established by known frequencies. 


~1-28 ~1-33 ~1-39 
Negative percentage COrr. 0-0 0-25 0-6 1-0 2-0 


(E) Spectral Activity of Overtones and Combination Tones. 

The study of overtones and combination tones forms an important part of the work to be described; and, 
since molecules of several different symmetries are now under consideration, we shall require, as basis, a more 
general consideration of the optical behaviour of these subsidiary frequencies than that which was given in 
Part VIII. 

On account of the steep general decrease in the intensity of active harmonics of successive orders, it will 
suffice here to confine attention to first overtones and binary summation and difference tones. In the infra-red 
spectrum, and also in the Raman spectrum (since we observe only Stokes Raman lines), overtones and summation 
tones arise mainly from molecules which are originally in the vibrational ground state. Difference tones, on 
the other hand, originate in the relatively few molecules which, before interaction with the light, were thermally 
excited with respect to that vibration whose frequency occurs with negative sign in the combination frequency. 
Difference tones are therefore subject to a further factor tending to diminish their intensity, namely, the 
Boltzmann factor, exp(—hv,/kT), of the initial, vibrationally excited state. 

By an argument similar to that given on p. 229, it follows that the spectral activity of first overtones will 
be dependent on the symmetry properties of a product y,’,, in which the quantum numbers of y, and y’, differ 
by two. Since the ’s are harmonic oscillator functions of g,, their product will have the symmetry properties 
of q,2._ Similarly, the optical behaviour of a summation or difference tone will depend on the symmetry pro- 
perties of a product in which the quantum numbers of and and of and y’,,, each differ by 
one. This product has the symmetry properties of g,g,. Thus an overtone or combination tone may appear 
in the infra-red spectrum if at least one Mj, and in the Raman spectrum if at least one ay, has the symmetry 
properties of g,* or of g, gy, as the case may be. The symmetry properties of the squares and products of the 
4,8 can be deduced by multiplying together the operators, given in Tables VII—X, which express the behaviour 
of the g,’s towards the symmetry elements which are specifying for the model. The result of each such set of 
multiplications will be a set of operators characteristic of one * of the symmetry classes of the model: this 
is evidently the symmetry class to which the overtone or combination tone can be considered to belong. The 
same tables show which, if any, of the M;, or of the «,, have corresponding symmetry properties; they show, 
therefore, the types of spectroscopic activity which are allowed for the overtone or combination tone. 

Although all the results we shall require concerning the spectroscopic activity of overtones and combination 


* For the reasons given in the footnote to p. 229, the multiplication of sets of operators belonging to two classes which 
are both degenerate leads to three sets of products, two corresponding to non-degenerate symmetry classes and the third 
to a degenerate symmetry class. In every other case we obtain only one set of product operators, as stated in the text. 
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XII. 
Symmetry and Activity of Overtones and Combination Tones of Benzene Model De, (CoH, CeD,). 
Raman-active []. Infra-red active { }. 
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Ay’. A,”. E’. E”. 
TABLE XIII. 


Overtones and Combination Tones of Model Dg), 
(1:3: 5-C,H,D,). Raman []. Infra-red { }. 


TaBLeE XIV. 
Symmetry and Activity of Overtones and Combination Tones of Benzene Model V, (1: 4-CgH,D,, 
1:2:4:5-C,H,D,). Raman []. Infra-red { }. 
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TABLE XV. 


Overtones and Combination Tones of Model C., 
(C,H;D, C,HD,). Raman []. Infra-red { }. 
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tones can be thus very easily deduced from Tables VII—X, it is in practice a necessity to have the results in a 
more immediately available form; and on this account Tables XII—XV are given, which contain within the 
frames the symmetry classes of the overtones and combination tones whose frequencies in harmonic approxim- 
ation are the sums or differences of those of fundamental vibrations of the symmetry classes shown around the 
sides of the frames. Raman activity and infra-red activity are indicated for the combination classes by 
brackets and braces respectively. No special indication is given concerning polarisation in the Raman spectrum, 
or band structure in the infra-red, since, owing to the generally low intensity of overtones and combination 
tones these spectroscopic characters cannot often be investigated. 
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56. Structure of Benzene. Part XII. Preparation of Deuterated Benzenes by 
the Grignard Reaction. Mono- and 1 : 4-Di-deuterobenzene. 


By Lzonarp H. P. WELDON and CHRISTOPHER L. WILSON. 


Details are given for the preparation of monodeuterobenzene and of 1 : 4-dideuterobenzene from bromo- 
benzene and #-dibromobenzene, respectively, by conversion into a Grignard reagent and decomposition of this 
by means of deuterium oxide. The monodeuterobenzene obtained in this way was isotopically pure. How- 
ever, the 1 : 4-dideuterobenzene, prepared directly through the dimagnesium compound of p-dibromobenzene, 
was found to have acquired much unwanted light hydrogen : all samples contained a considerable proportion of 
monodeuterobenzene. On the other hand, the monomagnesium derivative of p-dibromobenzene, on decom- 
position by means of deuterium oxide, gave isotopically pure p-bromomonodeuterobenzene, which could be 
converted into 1 : 4-dideuterobenzene exactly as bromobenzene been converted into monodeuterobenzene. 
It seems essential to proceed in two stages, thus avoiding the employment of the dimagnesium compound. It is 
suggested that this highly reactive substance may undergo one-electron transfer reactions (Boyd and Hatt) 
forming free-radical intermediates which acquire light hydrogen from the ether solvent (Hey and Waters). 
Langseth and Klit’s method of preparing polydeuterated benzenes from corresponding halogenated benzenes by 
reactions with —— and deuterium chloride in ether has been reinvestigated in the example of 1 : 4-di- 
deuterobenzene. ere also a certain amount of unwanted light hydrogen appears in the product, possibly 
because the intermediate formation of some of the dimagnesium compound cannot be avoided. 

A revised figure for the density of hexadeuterobenzene is recorded. Isotopic analysis of samples of partly 
deuterated benzenes is much facilitated by the now well-supported conclusion that the atomic fraction of 
deuterium is a closely linear function of the density of benzene. 


THE preparation of monodeuterobenzene, and of 1: 2-, 1: 3-, and 1: 4-di-deuterobenzene, by the use of the 
Grignard compounds derived from bromo- and o-, m-, and p-dibromo-benzene has been described by Redlich 
and Stricks (Monatsh., 1936, 67, 213; 1937, 68, 374). They mention no special precautions to secure the 
absence of light hydrogen from the positions in which it was desired to introduce deuterium; and they record 
no analytical data which would show the isotopic composition of their products. They prepared these materials. 
for the purpose of studying their Raman spectra, and in each case recorded a number of Raman frequencies, 
together with qualitative indications of the relative intensities of the Raman lines. These data alone show 
that the samples must have been seriously impure. The monodeuterobenzene certainly contained a con- 
siderable proportion of benzene, and the dideuterobenzenes a large amount of monodeuterobenzene, and even 
some benzene. Our own experience of the preparation of deuterated benzenes by the Grignard method makes. 
it evident that better results could not have been expected in the absence of precautions such as we have been 
led by experience to adopt. In one case Redlich and Stricks shook their deuterated product with concentrated 
sulphuric acid as a measure of purification, though even at that date this reagent was known rapidly to exchange 
its hydrogen with aromatic nuclear hydrogen. ran) a 

Our first attempts at deuteration by the Grignard method were not encouraging. Taking such precautions 
to exclude adventitious moisture as are customary with Grignard reagents in preparative organic chemistry, 
we obtained from phenylmagnesium bromide a sample of ‘“‘ monodeuterobenzene ” the hydrogen of which was. 
shown by isotopic analysis (combustion and measurement of the density of the water formed) to contain only 
11-5 atoms % (instead of 16-7 atoms %) of deuterium. Thereafter each stage of the process was studied in 
detail with a view to preventing the inadvertent introduction of light hydrogen; and an apparatus was employed 
(Fig. 1, p. 237) in which the preparation could be carried out without transferences in a moist atmosphere. 
With due attention to various points of detail (cf. Experimental Section) we eventually obtained a sample of 
monodeuterobenzene of the correct composition (16-5 atoms % by combustion and measurement of the density 
of the water; 17-0 atoms % directly from the density of the monodeuterobenzene). A careful study of its 
Raman and infra-red spectra (Part XX, this vol., p. 299) has failed to reveal any isotopic impurity, except such 
as arises from the inevitable presence of a smiall proportion of heavy carbon (}%C). 

A point of general chemical interest arose in connexion with the preparation of 1 : 4-dideuterobenzene. When 
excess of magnesium is allowed to react in ether with p-dibromobenzene, a mixture of mono- and di-magnesium 
derivatives is formed, which contains a preponderance of the latter compound; for treatment with water yields 
@ mixture of bromobenzene and benzene. When we carried out the decomposition of this Grignard mixture 
with heavy water, carefully excluding adventitious moisture, the hydrogen in the resulting deuterated benzene 
never contained more than about 30 atoms % of deuterium (theoretical figure, 33-3 atoms %). By contrast, 
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the simultaneously formed p-bromomonodeuterobenzene had the correct isotopic composition with respect to its 
hydrogen (20-2 atoms % of deuterium by combustion and measurement of the density of the water. Calc. : 
20-0 atoms %). Evidently in the formation of this compound the removed bromine atom has become quantit- 
atively replaced by deuterium. This fact opened a route for the preparation of p-dideuterobenzene, because 
we had only to put the isolated p-bromomonodeuterobenzene through the same process by which bromo- 
benzene had already been converted into monodeuterobenzene : our better samples of 1 : 4-dideuterobenzene 
were prepared from p-dibromobenzene by this two-stage method. 

The notable difference of isotopic composition between the deuterated benzene and p-bromodeuterobenzene, 
which are produced together by the addition of deuterium oxide to the Grignard mixture obtained from 
p-dibromobenzene, shows at once that, towards some source of light hydrogen, the p-phenylene dimagnesium 
bromide is much more reactive than p-bromophenylmagnesium bromide. This is intelligible on general 
electrostatic grounds : each magnesium-containing (electron repelling) aromatic substituent in the dimagnesium 
compound must increase the electron density in the para-position, and therefore the affinity of that position for 
a proton, or its activity as a reducing centre. The question of where the unwanted light hydrogen in the 
benzene comes from is difficult to answer. Obviously we remain open to the criticism that we have failed to 
exclude ordinary moisture. On the other hand, we took great care in trying to do so, and an alternative 
explanation of the facts can be suggested. This is that, with the dimagnesium compound in particular, 
secondary reactions take place by a radical (odd-electron) mechanism. There is a good deal of evidence that 
some of the reactions of Grignard compounds in general proceed by a radical mechanism. Reducing behaviour 
is especially likely to consist in the transfer of single electrons ; and it is known that, in the reduction of carbonyl 
compounds by Grignard reagents, pinacols are amongst the products (Boyd and Hatt, J., 1927, 898). If this 
can be assumed there is no difficulty; for Hey and Waters have comprehensively shown (Chem. Reviews, 1937, 
21, 169; cf. Hey, Ann. Reports, 1940, 37, 268) that it is characteristic of free-radical centres (including ary] 
radical centres), when formed in hydrocarbon, or other hydrogen-containing, organic solvents, to abstract a 
hydrogen atom from the solvent; and it can plausibly be supposed that towards some highly reactive Grignard 
compounds, such as our dimagnesium compound, under suitable conditions, the solvent ether may yield 
hydrogen in this way. | 

A special variant of the Grignard method for the preparation of deuterated benzenes has been developed by 
Langseth and Klit (Kgl. Danske Vidensk. Selsk., 1937, 15, 13). They allowed an appropriate mono- or poly- 
halogenobenzene to react in ether with magnesium and deuterium chloride, thereby replacing halogen by 
deuterium. The Raman spectra of the compounds obtained in this way are stated to have revealed the presence 
of appreciable amounts of less highly deuterated benzenes. But no analyses appear to have been performed on 
the samples, nor are their densities, or other physical constants, recorded. It is thus impossible on.the basis of 
the particulars given to assess the value of the method. We therefore repeated Langseth and Klit’s preparation 
of p-dideuterobenzene, using the apparatus shown in Fig. 2, and taking all those precautions against the incursion 
of unwanted light hydrogen which had been suggested by our previous experience. The hydrogen in the 
deuterated benzene so produced contained 30-8 atoms % of deuterium (theoretical figure 33-3%). A slightly 
better value, 31-4 atoms %, was obtained by the use of deuterium bromide in place of deuterium chloride for the 
reaction. It seems probable that the appearance of unwanted light hydrogen in benzenes obtained by Lang- 
seth and Klit’s method from polyhalogenated benzenes is an inherent defect of the method, and arises from the 
impossibility of avoiding entirely the formation of intermediate Grignard compounds containing more than 
one magnesium atom. 

EXPERIMENTAL. 
Deuterium Content by Combustion (cf. Part II, J., 3936, 916; also J., 1934, 493, 1593; 1935, 492; 1936, 1328, 1550, 


1552).—About 0-1 g., weighed accurately to 10- g., of the deuterated benzene was enclosed in a thin glass bulb with a 
long drawn-out capillary tube, which was sealed before weighing. The bulb was broken under a weighed, larger quantity 


(up to 100 times as large) of pure light benzene. The mixture was burned over red-hot copper oxide, and the density 


of the combustion water determined (to 1 in 10°) after purification. 
The atomic fraction (¥) of deuterium in the hydrogen of the sample was calculated from the formula 
= [Fo(1 + h/t) — 0-00017)/[h/1 — AM/M,(F, — 0-00017)] 
where F, is the absolute atomic fraction of deuterium in the hydrogen of the combustion water, h and / the weights 
(corrected to vacuum) of heavy and light material mixed before combustion, M, the molecular weight of the light com- 
pound (78-01 in the case of benzene) and AM the molecular weight difference between the completely light and the 
completely deuterated molecules (1-013 ”, where » is the number of hydrogen atoms in the molecule). In deriving this 
formula allowance has been made for the deuterium content (0-00017) of the light material. This is taken to be 
the same as for tap water; but the deuterium contributed by any unexchanged positions of deuterated benzene has 
been neglected, calculation having showed that it was negligible in all the cases considered. The figure 0-00017 for the 
atomic fraction of deuterium in tap water was taken from recent publications (cf. Swartout and Dole, J. Amer. Chem. 
Soc., 1939, 61, 2025). The atomic fraction (Fy) of deuterium in the combustion water is given by 


Fe = 38: — 0-000006) /0-10764} + 0-00017 


where 25: is the excess density relatively to tap water at 25°, and the term 6 x 10~ is a correction due to differences in 
the oxygen isotopic ratio of air and water. The divisor, 0-10764, represents the excess density of pure deuterium 
oxide. The over-all accuracy of analysis was 0-1—0-2%,. . 

In our earlier work (Part II) the need for correction due to variations in the oxygen isotope ratio was not appreciated; 
in fact, the natural variation of this ratio had not been discovered. Our combustions united oxygen from the air with 
hydrogen from the sample under analysis, whereas the density of the water formed was compared with that of purified 
tap water. It is now known (Swartout and Dole, /oc. cit.) that, using the same standard hydrogen, the density of water 
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produced from air-oxygen is greater than that produced from water-oxygen by 6 nee: Before 1939 the best value for 
density of pure heavy water relative to purified tap water was d>5. 1-1074. is figure is now known to be too low. 
Data made available in the last few years (Swift, J. Amer. Chem. Soc., 1939, 61, 198; Johnston, ibid., p. 878; Johnston 
and Davis, ibid., 1942, 64, 2613; Wirtz, Physikal. Z., 1942, 43, 465; Chem. Abs., 1943, 87, 6539) indicate that the value 
is very close to 1:10764. This figure relates to heavy water having the oxygen isotope ratio of tap water. The assumption 
of a linear relation between deuterium content and excess density would appear to be strictly correct, since water containi 
small proportions of deuterium oxide has been shown (Swift, loc. cit. ; mgsworth, ibid., 1937, 59, 1483) to be ideal a 
25° from the standpoint of density. 

Recalculation of Density of Pure Hexadeuterobenzene.—Using the new formule we find that the deuterium content of 
the hydrogen in the best sample of hexadeuterobenzene used for the earlier measurement of physical properties was 
99-1 and not 99-8 atoms % as recorded in Part II (Joc. cit.).* Extrapolation gives for the density of pure hexadeutero- 
benzene, a5) 0-94611; the corresponding figure for light benzene of normal hydrogen isotope ratio is 0-87596, and for 
completely deuterium-free benzene, 0-87595. The refractive index, dispersion and vapour-pressure data previously 
recorded (loc. cit.) are not appreciably affected. 

Deuterium Content of Benzene by Density Measurement.—Using these new figures, the deuterium content of any sample 
of a partly deuterated benzene can be calculated from the density by assuming a linear relation between the atomic 
fraction of deuterium in the total hydrogen and density of the benzene. The general consistency of analytical results, 
obtained in this way and by combustion, shows that the linear relation is accurately fulfilled. 

Apparatus for Reaction of Grignard Compounds.—All operations were carried out with purified and dried reagents 
and with the exclusion of atmospheric moisture and oxygen. The apparatus (Fig. 1) consisted of a one-litre Pyrex 


Fie. 1. 
Apparatus for reaction of Grignard compounds and deuterium oxide. 


flask (A) fitted with a dropping funnel (B) and two side arms (C and E£) sealed into the neck. The funnel (B) was used 
for the addition of either bromobenzene or p-dibromobenzene. In the latter case the funnel, its tap and the neck of the 
flask were lapped round with metal tubing carrying steam to keep the bromo-compound liquid. The side-arm (Z) 


carried a standard joint, a tap (F), and a condenser (G), which by rotation about the standard joint could be held in three 
positions suitable for reflux or direct distillation. 


Preparation of Grignard Compounds.—tThe flask and auxili apparatus were thoroughly cleaned and dried before 
assembly. Magnesium (British Drug Houses, Ltd., ‘‘ Special for Grignards’’) was rolled, cut into small pieces and 
introduced through E. flask was then closed at D and C, and evacuated through F, and the metal, and as much of 


the apparatus as possible, were heated with a Bunsen flame for half-an-hour. Dry nitrogen was then introduced 
through C and a few dry crystals of resublimed iodine added. When connecting or disconnecting pieces of apparatus 
Spaeinaty contact with the atmosphere was unavoidable, and the precaution was always taken to have a counter current 
of dry nitrogen. 

Various oe of desiccating ether were investigated and the following procedure finally adopted. Pure ether was 
treated with successive portions of sodium wire and then distilled into a one-litre flask attached to condenser (G) in 
position 3. Magnesium and ethyl bromide were added and allowed to react to form some ethylmagnesium bromide, 
whilst a stream of dry nitrogen was admitted. After 12 hours the condenser was then rotated into position 2, and ether 
was distilled into A. When distillation was complete, the ether container was removed and replaced by a phosphorus 

toxide drying tube, nitrogen being introduced at C. In some experiments phosphorus pentoxide was used for the 

drying of the ether instead of ethylmagnesium bromide. 

Bromobenzene was purified by fractional distillation followed by three successive partial freezings. p-Dibromo- 
benzene was recrystallised three times from ethyl alcohol (cf. following paper). The purified bromo-compound was 
distilled directly into B after neglecting a first portion of about 5%. About 5 c.c. were run into the flask (A) containing 
ether and magnesium. Reaction was initiated by warming, and thereafter controlled by the addition of further bromo- 
compound and by ice-cooling if necessary. Formation of the Grignard compound usually took about 4 hrs., and was 
completed by gentle refluxing for a further hour. Some undissolved magnesium usually remained. 

When the solid Grignard reagent instead of its ethereal solution was required, the ether was removed by distillation 
through the condenser in position 3, first at atmospheric pressure, and then in an oil-pump vacuum. The temperature 
of A was not allowed to rise above 100°. 

Reaction of Deuterium Oxide with the Grignard Compounds.—The dry Gri compound from bromobenzene was 
used in order to diminish the amount of ether subsequently to be separated from the formed benzene. This procedure 
could not be followed with the Grignard product from p-dibromobenzene because of the intense local heating: this 


* Purer material has since been obtained (Part XIII). — 
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material was therefore hydrolysed in the presence of the ether. In such a case the method was to deliver the calculated 
amount of deuterium oxide during 45 mins. from a container attached to C. The rate of addition was controlled to keep 
the ether gently boiling, and the apparatus was frequently shaken during the process. It was found advantageous to 
interrupt the process when only part of the deuterium oxide had been added, then to distil off most of the ether and 
benzene, and then to add the remainder of the deuterium oxide: the hydrolysis of the Grignard compound could thus 
be rendered more complete. The reaction of heavy water with solid Grignard products was effected much more slowly. 
Flask A was left evacuated in this case, and the apparatus was removed from its supporting clamps so that the water 
could be distributed more evenly all over the layer of solid. The mixture was allowed to remain for 12 hrs, 
before distillation of the formed benzene. 

Isolation and Purification of the Benzenes.—Volatile materials were removed from the reaction product by distillation, 
first at —— pressure and then in a vacuum, flask A being heated to 100°. Most of the ether, and the whole 
of any bromobenzene present, were first removed by fractional distillation. The procedure recommended by Redlich 
and Stricks (Joc. cit.) for purifying the resulting ether—benzene mixture was investigated. Such a mixture (5 c.c., contain- 
ing 50 mols. % of each constituent) was shaken repeatedly with successive portions (each 5 c.c.) of cold water, the funnel 
and contents being kept just above the freezing point of benzene. After 8, 16, and 20 such washes the density of the 
benzene indicated the presence of 21, 2, and 0-5 mol. % of ether respectively. The remaining benzene had a volume of 
only 1-lc.c. The method, therefore, leaves much to be desired. On the other hand, concentrated hydrochloric acid was 
found to be much more effective than water for the removal of ether: four washes reduced the ether concentration from 
2-0 to below 0-05%, the smallest quantity detectable by density measurement. Similar treatment with cold water only 
reduced the concentration of ether to 0°5%. Hydrochloric acid did not cause hydrogen exchange between benzene and 
water. This was established by shaking concentrated hydrochloric acid (100 g.), deuterium oxide (3 g.) and benzene 
(10 g.) together for one week. The benzene was separated, washed and dried, and burnt over copper oxide. The com- 
bustion water had an excess density over tap water of 9 p.p.m., and, subtracting 6 p.p.m. for oxygen isotope variation, 
this leaves 3 p.p.m. for hydrogen isotope exchange, which is thus too small to be of significance. Equilibrium in exchange 
would have meant an excess density of about 3800 p.p.m. : 

As the present series of experiments was being completed, perchloric acid was found to be a much better reagent than 
hydrochloric acid for removing ether from benzene. The perchloric acid method is described in the following paper, 
since it was used in only two experiments of the present series. 

Monodeuterobenzene — Bromobenzene.—(a) Grignard reagent, ether and deuterium oxide. Ether (300 c.c., dried over 
sodium wire) was transferred with minimum contact with atmospheric moisture to a 3-neck flask containing magnesium 
(5 g., 0-21 g.-mol.), and carrying a mercury-sealed stirrer, a dropping funnel and a reflux condenser fitted with a tube 
containing phosphorus pentoxide. Bromobenzene (31-5 g., 0-2 g.-mol.) was added slowly, and, after reaction was com- 

_plete, deuterium oxide (3-67 c.c., 4-06 g., 0-20 g.-mol.) was added. After 4 hour excess iodine was added to decompose 
unreacted Grignard —— Benzene and ether were removed by distillation and then separated by fractionation, 
the last traces of ether being removed by shaking the benzene with aqueous sulphuric acid (70% H,SO, by weight). 
Acid of this concentration is known not to cause isotopic exchange with benzene. The benzene was dried over potassium 
carbonate and phosphoric oxide, and distilled ina vacuum. Density measurement showed the deuterium content to be 
only 11-5% (theory 16-67%). 

(b) Grignard reagent, dioxan, and water. In this and subsequent a the apparatus shown in Fig. 1 was 
employed. The Grignard reagent was prepared from bromobenzene (41-6 c.c., 0-4 g.-mol.) in ether (205-6 c.c., dried 
over sodium). The bulk of the ether was removed at 100° at ordinary pressure, and then the temperature was raised 
gradually to 220°, and the pressure reduced to below 1 mm. Under these conditions some benzene accumulated in the 
traps, and, when no more appeared to distil, dioxan (400 c.c., dried over sodium) was added, followed by light water 
(7-2 g., 0-4 g.-mol.). After shaking for one hour the benzene (12 c.c.) and some dioxan were removed by distillation at 
—_ heric pressure. Owing to the difficulty of drying and transferring dioxan, it was thought preferable to omit it if 

ssible. 
" (c) Solvent-free Grignard reagent and water. The ether was removed from the reagent at a final temperature of 250° 
in a vacuum. Some benzene was collected. Water (5-4 g., 0-3 g.-mol.) was added slowly to the solid reagent (from 
0-3 g.-mol. of bromobenzene). The reaction was very violent, and external cooling was applied. Distillation in a vacuum 
at 100° gave benzene (14-5 c.c.) together with some ether. 

(d) Attempts to prepare the Grignard compound in other solvents. Bromobenzene (15-6 g., 0-1 g.-mol.), magnesium 
(0-2 g.-atom) and dioxan (45 c.c., dried by sodium), or methylal (61-5 c.c., redistilled), or anisole (53 c.c., redistilled) were 
treated with iodine and heated, but without any sign of reaction. The experiment with dioxan was repeated, using 
Gilman’s active magnesium, but without effect. 

(e) Thermal decomposition of phenylmagnesium bromide. An experiment showed that benzene was formed on heating 
the solid Grignard reagent, prepared in ether, to a temperature exceeding 200°. 

(f) Dry Grignard reagent and deuterium oxide. The above experiments led to the choice of the following optimum 
conditions. Bromobenzene (British Drug Houses, 31-2 c.c., 0-3 g.-mol.) was caused to react in ether (154 c.c., dried over 
sodium in flask H) with magnesium (7-2 g., 0-3 g.-atom). The Grignard compound was heated to 100° in a vacuum for 
48 hrs. before adding the heavy water (5-4 c.c., 0-3 g.-mol., containing 99-95 atoms % of deuterium) to it in the cooled 
but still evacuated flask (A). Benzene and ether were then removed by distillation in a vacuum (sample 1). A further 
 wge d (5-4 c.c. of the same quality) of deuterium oxide was added, and the benzene removed as before (sample 2). 

he benzene samples were each treated with hydrochloric acid to remove ether, and washed and dried over phosphoric 
oxide. The deuterium content as deduced from the density was high (18-0 atoms % of the total hydrogen), but this 
was shown to be ec d due to the presence of bromobenzene. The samples were carefully fractionated, but the deuterium 
content (by combustion) did not fall below 17-0 atoms % (theoretical 16-7 atoms %). The high figure was ascribed to 
the presence of a little dideuterobenzene formed from p-dibromobenzene, which was subsequently shown to be present 
in the original bromobenzene used for this experiment. The —— was therefore repeated, using bromobenzene 
purified as noted above. The yield of monodeuterobenzene (Found: D, 16-5 atoms % by combustion, 17-0 atoms % by 
density) was 40% of theory. 

p-Dideuterobenzene from p-Dibromobenzene.—(a) Solvent-free dimagnesium compound and deuterium oxide. The 
solvent ether was removed from a solution prepared from p-dibromobenzene (189 g., 0-8 g.-mol.) and magnesium (38-4 g., 
1-6 g.-atom) in ether (500 c.c.). On addition of deuterium oxide (32 g.), however, a violent reaction ensued 
with incandescence after an initial induction period. 

_ (b) Dimagnesium —— in ether and deuterium oxide. The ether was first dried in flask (H) by using ethyl- 
magnesium bromide. After the addition of deuterium oxide to the Grignard product from -dibromobenzene, fractions 
containing dideuterobenzene, b. p. 45—88° (50 c.c.), and p-bromomonodeuterobenzene (yield, 17 c.c. = 25 g. = 20%) 
(Found: D, 20-2 atoms % by combustion. C,H,DBr requires D, 20-0 atoms %) were obtained by distillation. The 
former fraction after ten washes with concentrated hydrochloric acid had a volume of 37 c.c. (yield 52%) (Found: D, 
29-8, 29-9 atoms % by combustion, 31-4 atoms % by density. Calc. for C,H,D,: D, 33-3 atoms %). In another 
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opens the product consisted of deuterated benzene (yield 54%) (Found: D, 29-6 atoms % by combustion) and 
p-bromomonodeuterobenzene (yield 20%) (Found: D, 20-2 atoms % by combustion). 

(c) Reaction of 4-deuterophenylmagnesium bromide with deuterium oxide in ether. Sy ry (34°5 g., 
0-22 g.-mol., containing 20-2 atoms % of deuterium in its hydrogen) was treated with magnesium (6 g., 0°25 g.-atom 
in ether (112 c.c.). Deuterium oxide (12-45 c.c., 13-8 g., 0°69 g.-mol.) was added and 1 : 4-dideuterobenzene, m. p. 5-9 
(Found: D, 32-2 atoms % by combustion, 32-5 atoms % by density), was isolated (yield 9 c.c. = 46%) as described 
above. 

Attempts to Prepare 1:3: 5-Trideuterobenzene by Grignard Reaction.—3 : 5-Dibromoiodobenzene, m. p. 122° after 

tion from benzene, was prepared from o-nitroaniline by bromination in acetic acid solution followed by 
deamination, reduction with iron, and a Sandmeyer reaction to replace the amino-group by iodine (Jackson and Russe, 
Amer. Chem. J., 1906, 35, 149; Holleman, Rec. Trav. chim., 1906, 25, 183). No reaction could be induced between 
magnesium and either 1 : 3 : 5-tribromobenzene or 3 : 5-dibromoiodobenzene in diethyl or di-n-propyl ether. Added 
iodine, — and magnesium activated by iodine vapour (Gilman), methyl iodide and methyl bromide failed to 
initiate reaction. 

1: 4-Dideuterobenzene by Langseth and Klit’s Method.—(a) Using deuterium chloride. Ether (400 c.c.), previous! 
dried with sodium wire, was left overnight in flask A (Fig. 2) with phosphoric oxide, and then distilled into flask B, which 


Fic. 2. 
Apparatus for repetition of Langseth and Klit’s preparation of deuterated benzenes. 


already contained magnesium (24 g.) and p-dibromobenzene (118 g.). The entire apparatus had been cleaned and baked 
out, as described above. Nitrogen, freed from oxygen by passing over red-hot copper, was dried by cooling in a trap 
surrounded by liquid air, and passed slowly through the apparatus, so that it y escaped through a trap containing 
hea’ \ en the formation of Grignard compound began, deuterium chloride generated by reaction of deuter- 
ium oxide (10 g., containing 99-95 atoms % of deuterium) with thionyl chloride (Nevell, de Salas, and Wilson, J., 1939, 
1195) was introduced. The reaction was completed by gentle heating. Benzene and ether were removed by distillation, 
first under atmospheric pressure and then under reduced pressure, the condenser C being rotated about joint D through 
180° for this purpose. After purification by fractional distillation, the last traces of ether were removed by means of 
perchigric acid (see following paper). 1: 4-Dideuterobenzene (15 g.) (Found: D, 30-8 atoms % by combustion; 31-4 
atoms % by density) was obtained. The reaction became very sluggish in its later stages, owing to the separation of 
magnesium chloride : magnesium (8 g.) and p-dibromobenzene (36 g.) were recovered. 

(b) Using deuterium bromide. p-Dibromobenzene (92-5 g.), iodine (0-5 g.), magnesium (20 g.), and ether (450 c.c., 
dried as before) were introduced into flask B, and, when reaction began, deuterium bromide (74 g., 0-9 g.-mol., containing 
99-9 atoms % of deuterium in its hydrogen) was slowly introduced. The deuterium bromide was prepared from electro- 
lytic deuterium (Wilson and Wylie, J., 194r, 600). The experiment lasted 2-5 hrs., and, although no solid separated, an 
upper liquid layer of about 20 c.c. was formed. The distillate, which contained hydrogen bromide, was washed with 
sodium hydroxide and dried with anhydrous potassium carbonate. After removal of ether by means of hloric acid, 
the density of the deuterated benzene was found to be = This was traced to the presence of ethyl iodide, which was 
finally removed, with some loss of benzene, by shaking with aqueous silver perchlorate (made by neutralising concentrated 
aqueous hloric acid with silver oxide). The resulting 1 : 4-dideuterobenzene (Found : D, 31-4 atoms % by com- 
bustion, 32-0 atoms % by density) weighed 23 g. 
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57. Structure of Benzene. Part XIII. Hydrogen Exchange Reactions with Benzene 
Derivatives. Preparation of 1:3:5-Tri-, 1:2:4:5-Tetra-, and Penta- 
deuterobenzene. 


By ArtHur P. Best and CuristopHER L. Witson. 


The attainment of equilibrium in the hydrogen, exc e reaction between aniline hydrochloride and water 
containing deuterium has been followed. After a very rapid exchange of the N-hydrogen atoms, a slow but quan- 
titative exchange of the ortho- and para-hydrogen atoms takes place; but no exchange of meta-hydrogen 


atoms could be detected. The reaction has been used to pare isotopically pure 2 : 4 : 6-trideuteroaniline ; 
and from this 1 : 3 : 5-trideuterobenzene was obtained by deuthination. " 


The hydrogen exchange reaction between p-dibromobenzene and sulphuric acid—water mixtures containing 
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deuterium has been studied. The exchange occurs with all four nuclear hydrogen atoms, and there is accom- 
panying sulphonation. The reaction has been employed to prepare isotopically pure 1 : 4-dibromo-2 : 3: 5: 6- 
tetradeuterobenzene; and this substance has been converted through its Grignard derivatives into 1-bromo- 
2:3:5: 6-tetradeuterobenzene, and 1 : 2: 4: 5-tetradeuterobenzene. 

The hydrogen exchange reaction between bromobenzene and sulphuric acid—water mixtures containing 
deuterium has likewise been studied. Three nuclear hydrogen atoms are exchanged fairly rapidly, and the 
other two more slowly. Under the conditions investigated, the rate of sulphonation was comparable with the 
rate at which the last two hydrogen atoms are exchanged, and so the exchange reaction could not conveniently 
be used for the preparation of pentadeuterobenzene. This substance was therefore prepared from hexadeutero- 
benzene by bromination, and replacement of the bromine atom in the bromopentadeuterobenzene by light 
hydrogen by the use of the Grignard reaction. 


THE partly deuterated benzenes whose preparation we here describe were prepared by Langseth and Klit by 
their modified Grignard method, but, as explained in the preceding paper (this vol., p. 235), not in an isotopically 
pure form. The preceding paper also shows that our step-wise method of using the Grignard reaction for the 
preparation of deuterated benzenes, although it gives a pure product where applicable, fails when more than 
two deuterium atoms require to be introduced. Hence, for the preparation of more highly deuterated benzenes 
we turned to the group of exchange reactions, the study of which is here reported. 

Hydrogen Exchange between Aniline Hydrochloride and Heavy Water: Preparation of 1: 3: 5-Trideutero- 
benzene.—It has been shown by Ingold, Raisin, and Wilson (J., 1936, 1037) that hydrogen exchange between 
acids (in the generalised sense of proton- or deuteron-donors) and the aromatic nucleus of benzene derivatives 
shows all the characteristics of an electrophilic substitution process : it is facilitated or retarded, and therefore 
oriented, in just the same way as are other typical electrophilic aromatic substitutions, such as nitration, 
Later, we demonstrated (J., 1938, 28) that, in the reaction between aniline hydrochloride and heavy water (in 
which the interacting species can plausibly be assumed to be the aniline molecule and the deuteroxonium ion), 
the ortho- and para-positions of the aromatic molecule are the only nuclear positions which participate in the 
hydrogen exchange. 

It remained to define the exact conditions for the attainment of equilibrium, and for this purpose dilute 
heavy water (3 atoms % of deuterium) was used in some exchange experiments, the results of which are sum- 
marised in Table I. The amount of exchange is expressed in terms of a partition coefficient, calculated on the 
assumption that only three nuclear positions are affected : it represents the atomic proportion of deuterium in 
the hydrogen of the affected positions, divided by the atomic proportion of deuterium in the hydrogen of the 

. residual heavy water. The results show that equilibrium is attained in 24 hours at 100°. The partition 
coefficient at equilibrium, 0-844, has about the usual value for equilibria in exchange between aromatic hydrogen 
and water hydrogen. The constancy of this value up to 72 hours shows that no appreciable exchange at the 
meta-positions begins within this period at the temperature of the experiments. 


TaBLeE I, 
Hydrogen Exchange between Aniline Hydrochloride and Water containing a Small Proportion of Deuterium. 
Deuterium Deuterium 
PhNH,Cl Heavy Time partition PhNH,Cl Heavy Time partition 
(g.). water (g.). Temp. (hrs.). coeff. (g.). water (g.). Temp. (hrs.). coeff. 
13-05 16-19 100° 05 - 0-047 13-06 16°45 100° 24-0 0846 
13-00 15-15 100 3-0 0-481 13-10 18-01 100 48-0 0-843 
12-99 17-71 74 30 0-00015 13-08 16°61 100 72-0 0-842 
13-42 17-60 100 2-0 Mi 


For the preparation of pure 1 : 3 : 5-trideuterobenzene, aniline hydrochloride was brought to equilibrium 
repeatedly with fresh samples of pure heavy water, and the amino-group in the formed 2: 4 : 6-trideutero- 
aniline was then replaced by protium by diazotisation and treatment of the diazo-solution with sodium stannite. 
It was shown that the nuclear hydrogen atoms are not affected by the deamination process. 

Three independent preparations of 1: 3: 5-trideuterobenzene by this method gave material having dy 
0-91100, 0-91113, and 0-91116, respectively. Assuming the linear relationship discussed in the preceding 
paper and the figures there given for the densities of benzene and hexadeuterobenzene, the density of pure 
1:3: 5-trideuterobenzene is calculated to be 0-91103. The above three experimental samples therefore 
respectively contain 49-96; 50-15, and 50-18 atoms % of deuterium in their hydrogen. The first of the three 
samples was submitted to the combustion method of isotopic analysis, and this gave the figure 49-82 atoms % 
of deuterium. According to the spectroscopic evidence, all three samples consist of very pure 1: 3:5 
trideuterobenzene : no hydrogen-isotopic isomeride could be detected. 

Hydrogen Exchange between p-Dibromobenzene and Sulphuric Acid. Preparation of 1:2: 4: 5-Tetradeutero- 
benzene.—The method was first to replace all four hydrogen atoms of p-dibromobenzene by deuterium by 
exchange with heavy sulphuric acid, and then to replace the two bromine atoms by light hydrogen by means 
of the Grignard reaction. ; 

Preliminary experiments showed that conditions such as would have sufficed for hydrogen exchange betwee! 
benzene and sulphuric acid, e.g., shaking benzene at the ordinary temperature with aqueous sulphuric acid of 
more than 50 mols. % sulphuric acid concentration, were useless for p-dibromobenzene, doubtless because of 
the deactivating effect of the bromine atoms towards an electrophilic substituting agent. We employed it 
these tests carbon tetrachloride as a solvent for the p-dibromobenzene, and used sulphuric acid of 80 mols. % 
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sulphuric acid concentration, but no exchange took place. Exchange occurred fairly readily, however, when 
we omitted the organic solvent, and shook the fused p-dibromobenzene with the aqueous sulphuric acid at 107°. 

It was next necessary to establish conditions in which the hydrogen exchange could be completed without 
the incursion of too much loss by sulphonation, and for this purpose a series of experiments was instituted with 
aqueous sulphuric acid of various acid concentrations, but with only 3 atoms % of its total hydrogen in the 
form of deuterium. The acid and p-dibromobenzene were shaken together at 107°, and the recovered dibromo- 
benzene was isotopically analysed by combustion. The results are in Table II. The amount of hydrogen 
exchange is expressed in the last column by means of a “‘ hydrogen exchange number.” This is simply the 
deuterium partition coefficient, as previously defined, multiplied by 4, the number of aromatic hydrogen atoms 
available for exchange. Since the partition coefficient for an equilibrium distribution of deuterium between 
benzenoid compounds and sulphuric acid is 1-1, the figure 4-3 represents substantial equilibrium with respect to 
exchange in all four aromatic positions. The data show that by use of mixtures of 88-5 mols. % of sulphuric 
acid and 11-5 mols. % of water, it is possible to secure complete exchange without excessive sulphonation. 


TaB_e II. 


Hydrogen Exchange between p-Dibromobenzene and Sulphuric Acid—Water Mixtures containing a Small 
Proportion of Deuterium in their Hydrogen. 


Compn. of mixtures. Compn. of mixtures. 

Time at Sulphon- Hydrogen  Timeat Sulphon- Hydrogen 
Sulphuric acid Water 107° ation exchange Sulphuric acid Water 107° ation exchange 
(mols. %). (mols. %). (mols. %). number. (mols. %). (mols. %). (hrs.). (mols. %). number, 

50-1 49-9 1:3 0 88-5 6 2-3 3-6 

62-3 37-7 0-5 2-8 88°5 115 245 ° 5&7 43 

79-6 20-4 6 1-2 3-0 99-6 0-4 6 22-3 4:3 

20-4 18 3-0 3°8 


For the preparation of pure 1 : 2 : 4 : 5-tetradeuterobenzene, a sulphuric acid mixture was made from sulphur 
trioxide and pure deuterium oxide to the stoicheiometric composition : D,SO, 88-5 mols. %, D,O 11-5 mils. %. 
p-Dibromobenzene was shaken at 107° with successive portions of this mixture until substantially the whole 
of the light hydrogen in the former should, according to our previous work, have been replaced. An analysis 
of the 1 : 4-dibromotetradeuterobenzene by combustion gave, as the hydrogen isotopic composition, 99-5 atoms % 
of deuterium. The material was converted into its Grignard derivative, which was decomposed by light water 
togive 1: 2:4: 5-tetvadeuterobenzene. The density d3% was 0-92274, which corresponds exactly to the theoreti- 
cal hydrogen isotopic composition, 66-67 atoms % of deuterium. Analysis by combustion gave the slightly 
lower figure 66-04 atoms %. 1-Bromo-2:3: 5: 6-tetradeuterobenzene was obtained as a by-product in the 
Grignard reaction. 

Hydrogen Exchange between Bromobenzene and Sulphuric Acid.—This group of experiments, which might 
have led to the preparation of pentadeuterobenzene if we could, without sulphonation, have replaced all the 
light hydrogen in bromobenzene by deuterium, and then the bromine atom by protium, is recorded for the sake 
of the additional light it throws on the course of aromatic deuterium exchange. Bromobenzene was shaken at 
107° for various periods with sulphuric acid—water mixtures, containing about 2 atoms % of their total hydrogen 
inthe form of deuterium. With an equimolecular mixture of sulphuric acid and water, three aromatic hydrogen 
atoms, presumably those of the ortho- and para-positions, were exchanged to equilibrium within 6 hours. 
After this, however, the remaining nuclear positions began to enter appreciably into the exchange reaction, 
which proceeded a substantial distance towards equilibrium in the course of several days. Sulphonation 
proceeded at a comparable rate, and this was still true when a less aqueous sulphuric acid was employed. The 
detailed results are set out in Table III. The hydrogen exchange number in this case is the deuterium partition 
coefficient multiplied by 5. Since the partition coefficient for an equilibrium distribution of deuterium is 1-1, 
the exchange number 3-3 corresponds to complete exchange in three aromatic positions, whilst an exchange 
number of 5-5 would have been found if we could have effected complete exchange in all five positions. 


Taste III. 


Hydrogen Exchange between Bromobenzene and Sulphuric Acid—Water Mixtures containing a Small - 
Proportion of Deuterium in their Hydrogen. 
Compn. of mixtures. 


Hydrogen 

Sulphuric acid Water Sulphonation exchange 

(mols. %). ones. %). Temp. Time (hrs.). (mols. %). number. 
50-1 20° 0 


6 3-3 
50-1 49-9 57 36 4-9 
79-6 20-4 44 20 3-0 
20-4 141 50 3-7 
79-6 20-4 354 64 4-1 


The fact that the rate of sulphonation is comparable to the rate at which two of the aromatic positions, 
presumably the meta-positions, exchange their hydrogen prevented the use of this exchange reaction for the 
preparation of pentadeuterobenzene. } 


t by 
“ally 
the 
than 
enes 
veen 
tives 
efore 
tion. 
T (in 
ion), 
1 the ve 
im. 
Tium 
tion 
46 
43 
42 
brium 
utero- 
nnite. 
ig ay 
seding 


242 Best and Wilson: Structure of Benzene. Part XIII. 


Preparation of Pentadeuterobenzene.—This was eventually prepared from hexadeuterobenzene, by bromin- 
ation with hypobromous acid to give bromopentadeuterobenzene, and replacement of the bromine atom in 
this compound by light hydrogen by means of the Grignard reaction. The crucial stage of the process is the 
separation by distillation, after the bromination, of perfectly pure bromopentadeuterobenzene, free from any 
trace of formed dibromotetradeuterobenzene or surviving hexadeuterobenzene. Hexadeuterobenzene con- 
taining 99-7 atoms % of deuterium in its hydrogen thus gave pentadeuterobenzene containing 83-1 atoms % of 
deuterium (theoretical, 83-3 atoms %), the analyses being by the method of combustion. 


EXPERIMENTAL. 


Particulars concerning the isotopic analysis of aromatic deuterium compounds are given in Part XII (this vol. p. 236), 

Preparation of Heavy Sulphuric Acid.—Although it is possible to prepare acid containing a small proportion of 
deuterium by dilution of a stronger acid with heavy water, the method is obviously limited. The process of combining 
known weights of sulphur trioxide and water was briefly described in Part II (J., 1936, 916), but subsequent private 
correspondence has suggested that an amplified description would prove useful. 

The apparatus consisted of a Hyvac pump and a gas line carrying a liquid-air trap, a manometer, a tap lubricated 
with grease, and two B 14 cone standard joints about 20 cm. apart. Several 100 c.c. flasks with necks 20 cm. long were 
made to fit conveniently into Dewar vessels, and each was furnished with a B 14 socket, a stopper, and some suspension 
wire for weighing. Concentrated oleum was made by adding oleum, or concentrated sulphuric acid, to a bottle containing 
sulphur trioxide, and heating it in an oven to 50—60°. The resulting solution (about 70 c.c.), together with a few pieces 
of porous pot, was added to one of the flasks, which was cooled to — 80°, and attached to the apparatus, together with 
an empty flask. Joints were lubricated by partially hydrated phosphoric oxide, prepared by adding a few drops of the 
same water as that which was to be used for making the sulphuric acid: the hot viscous mixture was applied to the 
heated joints, which were held together by springs. The pressure was then reduced to 0-1 mm., the tap closed, and the 
oleum warmed in water to 30—60°, whilst the empty flask was surrounded by melting ice. Rapid distillation of sulphur 
trioxide ensued, which condensed in a metastable liquid form. When about the desired quantity was judged to have 
been collected, air was admitted through a drying tube, and the flask was weighed. From the weight of distilled trioxide 
the weight of heavy water necessary to give a required strength of acid was calculated. This amount, less 0-2 g., was 
oe into one of the flasks, which was weighed, and, together with the flask of sulphur trioxide, attached to the apparatus, 

th flasks were cooled to —80° and the pressure was reduced as before. Special care was needed when freezing water 

to prevent breakage: it was found best to swirl the water round the inside of the flask whilst cooling. After closing 

the vacuum tap, and thawing the frozen water, its flask was immersed in melting ice, and the flask of sulphur trioxide in 

a water-bath at 50—70°, the temperature being regulated according to the rate of distillation. When all the sulphur 

trioxide had po ey the flask now containing the sulphuric acid was again weighed, to give the exact amounts 

to 0-01 g.) of sulphur trioxide and water which had been combined. Any further water required, usually between 
*1 and 0-2 g., was added from a microburette. 

Exchange between Aniline Hydrochloride and Heavy Water.—Recrystallised and thoroughly dried aniline hydro- 
chloride, and water, the hydrogen of which contained 3 atoms % of deuterium, in the molecular ratio of approximately 
1: 9 (the exact quantities are given in Table I), were heated together in sealed bulbs in a bath of boiling water for various 
lengths of time. After cooling, the water was removed by distillation in a vacuum, and then replaced by distilled tap 
water (16 c.c.) which, after solution was complete, was also removed in a vacuum. This procedure was repeated twice 
further in order to’ normalise the easily a hydrogen atoms attached to nitrogen. The hydrochloride was then 
dissolved in water (60 c.c.), concentrated hydrochloric acid (20 c.c.) added, and the mixture cooled to 0°. Sodium 
nitrite (about 8 g.) was added slowly until a positive starch—iodide reaction was obtained, the temperature being kept 
below 5°. After having been kept in the dark for 30 minutes, the solution was added to a solution of sodium hydroxide 
(15 g.) in water (60 c.c.), and the whole was cooled to —8°. This solution was added slowly to a solution of sodium 
stannite in a flask (500 c.c.) fitted with a reflux condenser and cooled in ice. [The stannite solution was prepared by 
adding 30% sodium hydroxide slowly to a solution of stannous chloride (30 g.) in water (75 c.c.) until the precipitate 
just redissolved. ] As the mixture warmed to room temperature an oily layer separated. The benzene was removed by 
steam distillation, and collected in a receiver cooled inice. From this it was distilled in a vacuum into a bulb containing 
phosphoric oxide, and thence into a storage bulb. Its deuterium content was determined in the usual way. The yield 
of benzene was between 60 and 70% of the theoretical. 

Since it was necessary to be certain that the deamination process did not affect the nuclear hydrogen atoms, an 
additional experiment was performed in which double the usual amount of reactants was heated for 24 hours. After 
isotopic normalisation of the amino-hydrogen, the hydrochloride was divided into halves. One half was treated as 
described above to give benzene, whilst the other was basified, and the aniline purified by distillation. The deuterium 
content of both the benzene and the aniline was determined. The result showed that, after due allowance had been 
made for the different number of light hydrogen atoms present in each molecule, the three nuclear positions concerned 
were exchanged to the same extent. 

1:3: 5-Trideuterobenzene.—Before carrying out successive exchanges with pure heavy water it was necessary to 
know whether the reaction proceeded with the same speed in heavy water asin light. Therefore, two equivalent mixtures 
of aniline hydrochloride and pure heavy water were heated at 100°, one for 24 hours, and the other for 96 hours. The 
deuterium content of the residual water was the same in both cases to within experimental error. This showed that 
with pure heavy water, just as with dilute heavy water, 24 hours is sufficient time for the attainment of equilibrium in 
exchange with aniline hydrochloride at 100°. 

Three samples (each 13 g.) of aniline hydrochloride were each heated with deuterium oxide (20 g.) in sealed Pyrex 
bulbs immersed in boiling water for 24 hours. The amounts of the reactants correspond to a molecular ratio of 1: 9. 
The water was distilled in a vacuum, and replaced by a fresh sample of heavy water, and the bulbs were then heated 
further. Six such treatments of each sample were carried out, the first five with water containing 99-2 atoms %, and 
the last 99-95 atoms % of deuterium. Isotopic normalisation of the amino-hydrogen was carried out by treatment with 
five successive portions (each 30 c.c.) of distilled tap water. Deamination, and the purification of the formed 1 : 3 : 5- 
trideuterobenzene, were carried out according to the procedure described above. The yields were about 65% of theoretical. 
The densities and analytical data have been given earlier. 

Hydrogen Exchange between p-Dibromobenzene and Heavy Sulphuric Acid.—Purified p-dibromobenzene (10 g.) was 
shaken in a sealed Pyrex tube with sulphuric acid—water mixtures (10 c.c.), the hydrogen of which contained 3 atoms % 
of deuterium. The first experiments were carried out at ordinary temperature with the addition of carbon tetrachloride 
(35 c.c.). In later experiments the temperature was raised to 107°, and the use of a solvent abandoned. After reaction 
wag}complete the tube was allowed to stand undisturbed, and, in the experiments without solvent, the upper layer of 
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acid was poured away from the solid dibromo-compound. The latter was then dissolved in carbon tetrachloride. In 
both series of experiments the carbon tetrachloride solution was washed with sodium carbonate solution and water, and 
dried over phosphoric oxide. The carbon tetrachloride was removed by distillation and the deuterium content of the 
residue determined by combustion. The results of the e iments at 107° are in Table II. 

1 : 4-Dibromotetradeuterobenzene.—p-Dibromobenzene (British Drug Houses) was twice recrystallised from ethyl 
alcohol, and then distilled at ordinary pressure; it had m. p. 88-1—88-4°. The purified material (122-6 g.) in three 
- caapeorr yer equal portions was shaken in sealed Pyrex bulbs with heavy aqueous sulphuric acid at 107° for 30 hours. 


he acid mixture contained 88-5 mols. % of D,SO, and 11-5 mols. % of D,O. The quantity of the mixture used was 
sufficient to provide three times as many hydrogen atoms as the number present in the p-dibromobenzene. After the 
shaking, the tubes were cooled in a vertical —- and the acid layer was removed and replaced by fresh acid. Each 
sample of dibromobenzene was thus treated five times. The first three treatments employed acid containing 99-2 atoms % 
of deuterium in its hydrogen; they raised the deuterium content of the hydrogen of the dibromo-compound to 97-0. 
atoms %. The last two treatments, which employed acid containing 99-95 atoms % of deuterium, increased the deuter- 
jum content of the hydrogen of the dibromo-compound to 99-45 atoms %. The 1 : 4-dibromotetradeuterobenzene was 
dissolved in carbon tetrachloride, washed with sodium carbonate solution and water, and then distilled at ordinary 
pressure. The weight of material obtained was 78-6 g., the loss (44 g.) largely representing sulphonation. The dibromo- 
tetradeuterobenzene had m. p. 87-7—88-4°. 

1:2:4: 5-Tetradeuterobenzene.—p-Dibromotetradeuterobenzene (50 g.) was converted into its Grignard omens 

reaction with magnesium (9 g.) in ether (140 c.c.). The solution was cooled in ice, and decomposed by the addition 
of concentrated hydrochloric acid. The ethereal layer was washed with sodium carbonate solution and water, dried over 
anhydrous potassium carbonate, and fractionated. This gave a benzene fraction containing a little ether, and a residue 
(3-4 g.) of 1-bromo-2 : 3: 5: 6-tetradeuterobenzene. Residual ether was removed from the benzene by treatment with 
perchloric acid (60% by weight) as described below. Subsidiary experiments showed that this acid was superior to 
concentrated hydrochloric acid, or to 70% (by weight) sulphuric acid, for this purpose, although none of the three reagents 
caused any isotopic exchange in benzene under the conditions employed. 

The extraction with perchloric acid was ormed in an all-glass apparatus consisting of three 50 c.c. bulbs connected 
by standard joints to a line, and capable of isolation from one another, and from an attached liquid air trap and 

yvac pomp, by taps..: e benzene sample, together with perchloric acid (15 c.c.), was placed in one flask and cooled 
to —80°. The apparatus was then evacuated, and the flask isolated from the pump. e cooling bath was removed, 
and the benzene and acid thoroughly shaken together at room temperature. By cooling one of the empty flasks in ice, 
the benzene was transferred into it, and this flask was then isolated from the _ pumping of the perchloric 
acid caused the evolution of ether vapour, and warming facilitated this process. e benzene was then distilled back 
into the acid, and the whole process was repeated. The removal of ether was judged to be complete when the perchloric 
acid no longer evolved vapours on pumping, but to be on the safe side the benzene was given a further four treatments 
after this stage was reached. The sample of 1 : 2: 4: 5-tetradeuterobenzene (9-49 g.) was distilled through a column, 
in order to ensure the separation of any bromo-compounds. Thereafter it was dried over phosphoric oxide, and distilled 
into the stock bulb. Its physical constants have been given earlier. 

Hydrogen Exchange between Bromobenzene and Heavy Sulphuric Acid.—Bromobenzene (British Drug Houses) was 
purified by shaking with 96% (by weight) sulphuric acid for 20 hours, washing with aqueous sodium carbonate, drying 
with phosphoric oxide, and fractionating. A little p-dibromobenzene was separated during the distillation. The 
bromobenzene was twice cooled until about two-thirds solidified, the liquid portion being rejected. 

Purified bromobenzene (5 c.c.) (b. p. 155-0—155-2°/764 mm.) and aqueous sulphuric acid (10 c.c.) were shaken together 
insealed tubes. The hydrogen of the aqueous sulphuric acid contained 2—3 atoms % of deuterium. The stoicheiometric 
concentrations of the aqueous acid with respect to sulphuric acid and water are recorded in Table III, which also gives 
the periods of shaking, and the temperatures. The bromobenzene was recovered, any loss being attributed to sulphon- 
ation, and, after being washed with aqueous sodium éarbonate, was dried by means of phosphoric oxide, and distilled. 
It was isotopically analysed by combustion, with the results given in Table ITI. 

Hexadeuterobenzene.—Pure Loney benzene (22 g.) was deuterated with successive portions of heavy sulphuric 
acid (containing 51 mols. % of D,SO, and 49 mols. % of D,O) as described in Part II. These later experiments were 
carried out during the winter months, when the average temperature was below that encountered in the earlier work, and 
this is doubtless why the attainment of equilibrium required about 10 days, as against 3—4 days which previously 
sufficed. The hydrogen of the final sample (16 g.) of hexadeuterobenzene contained 99-69 atoms % of deuterium. 

Bromopentadeuterobenzene.—Bromine (53 g.) and mercuric oxide (160 g.) were added alternately, each in ten ae 
portions, to water (530 c.c.) with shaking, which was continued for 10 mins. after the addition was complete. The solution 
was then filtered (cf. Houben, ‘‘ Die Methoden der Organischen Chemie,” 1930, Vol. 3, P- 1160). e filtrate, together 
with hexadeuterobenzene (8 g.), was shaken in a stoppered bottle for 16 hours. The lower layer was separated, and 
dissolved in ether, and the ethereal solution was shaken with sodium carbonate solution (in order to remove mercuric 
oxybromide), dried, and distilled through acolumn. The chief impurities present at this stage in the bromopentadeutero- 
benzene ‘were hexadeutero- and dibromotetradeutero-benzene, and their removal by fractionation was followed by 
determination of refractive index and density. These properties were shown, by 7 experiments with light 
materials, to be sensitive indicators of benzene and dibromobenzene tively. In this way the crude bromopenta- 
deuterobenzene (14 g) was separated into hexadeuterobenzene (1-3 g.), bromopentadeuterobenzene (8 g.), n?” 1-5600, 
b. p. 154—155°/761 mm., and a small amount of crystalline p-dibromotetradeuterobenzene. 

Pentadeuterobenzene.—Magnesium (1-5 g.) and a few crystals of iodine were heated in a 500 c.c. flask fitted with a 
condenser, a dropping funnel, and a gas-inlet tube. When activation was complete, the air was displaced by dry, oxygen- 
free nitrogen, and 5 c.c. of a solution of bromopentadeuterobenzene (7-5 g.) in ether (30 c.c.) were added, together with 
some additional ether (45 c.c.). Reaction began readily, and the rest of the solution of bromo-compound was added 
slowly; gentle refluxing completed the reaction. The Grignard compound was subsequently decomposed by the cautious 
addition of concentrated hydrochloric acid, and the ethereal layer was separated, washed, dried, and distilled through 
acolumn. The traces of ether remaining in the tadeuterobenzene were removed by means of perchloric acid, as 
oe above. The hydrogen of the final sample of pentadeuterobenzene (1-7 g.), m. p. 62°, contained 83-14 atoms % 
of deuterium. 


Str WILLIAM RAMSAY AND RALPH Forstsr LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, May 7th, 1945.) 
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58. Structure of Benzene. Part XIV. Limitations of the Decarboxylation 
Method for preparing Partly Deuterated Benzenes. 


By Leonarp H. P. WELDON and CHRISTOPHER L. WILSON. 


Calcium trimesate was decarboxylated by heating with calcium deuteroxide, but the deuterium content of 
the benzene produced depended on the proportions of the reactants. Further investigation showed that two 
hydrogen exchange reactions were going on, one between calcium deuteroxide and calcium trimesate before 
the decarboxylation, and the other between calcium deuteroxide and the benzenes formed by decarboxylation. 
The second exchange reaction could be minimised by working at a low pressure, but even when, with the aid 
of this device, a product of the correct analytical composition was obtained, it was nevertheless a complicated 
mixture of isotopic isomerides, as was shown by its infra-red spectrum. 

Experiments on the decarboxylation of calcium benzoate by means of calcium deuteroxide, or of sodium 
benzoate by means of sodium deuteroxide, gave similar results. In the latter case, indeed, there appeared, under 
some conditions, to be an almost complete randomisation of deuterium between the reactants. 


THE preparation of deuterated benzenes by decarboxylation with calcium deuteroxide has been reported by 
Morita and Titani (Bull. Soc. Chim. Japan, 1935, 10, 557) and Redlich and Stricks (Monatsh., 1936, 68, 47, 374). 
The former authors used benzoic acid, but did not completely examine product, which they assumed to 
be monodeuterobenzene. Redlich and Stricks used phthalic, isophthalic, and pyromellitic acids, and studied 
the Raman spectra of their products. They found that the deuterobenzenes from phthalic and isophthalic 
acids gave the same spectrum, and that the deuterobenzene from pyromellitic acid appeared to be a mixture 
of isomerides. None of these authors determined the deuterium in their products. 

We first decarboxylated calcium trimesate by using three equivalents of calcium deuteroxide, but the 

hydrogen of the product contained 62-8 instead 
Fie. 1. of 50-0 atoms % of deuterium. Further experi- 
Infra-red spectra of trideuterobenzene in the region 740—890 cm.-1_ ment showed that two unforeseen exchange reac- 
showing complex mixture of isomers produced by decarboxylation of tions were causing the excessive deuteration. 
calcium trimesate. _ One, between calcium trimesate and calcium 
(Pressure, 5 cm. ; length, 45 cm.) deuteroxide, occurred before the decarboxylation. 
100 ¢ This was demonstrated by the presence of 1-9 
atoms % of deuterium in the nuclear hydrogen * 
of trimesic acid recovered from an uncompleted 
{ experiment. The second exchange reaction was 
between benzene and calcium deuteroxide, and 
must have taken place after decarboxylation. 
' t It was established by the deuteration of light 
860 ‘ benzene to an extent of 9-6 atoms % by passage 
876 - over calcium deuteroxide at the reaction temper- 
ature. It is not clear whether calcium deuter- 
oxide or deuterium oxide was the deuterating 
agent. Decarboxylation did not appear to take 
, v place until the temperature, 430°, was reached, at 
/ . which the dissociation pressure of the deuter- 
0 oxide approaches one atmosphere. By the use 
740 760 780 80 820 840 860 6880 ofa low pressure, the amount of deuteration of 
Frequency (cm="). benzene vapour was reduced from 9-6 to 2-9 
Full line : Deuterobenzene from trimesic acid. atoms %. Under these conditions, the decarb- 
Broken line: Pure 1:3: 5-trideuterobenzene from aniline. | Oxylation of trimesic acid led to benzene of 
more nearly the theoretical deuterium content, 
though the effect of the exchange reactions was still evident. By using different ratois of calcium 
deuteroxide to calcium trimesate, samples of benzene containing 49-7, 52-3, and 54:6 atoms % of 
deuterium were prepared. The first sample has almost the theoretical deuterium content for trideuterobenzene, 
but its infra-red spectrum showed it to be a mixture of isomerides, and the possibility that both more and less 
highly deuterated benzenes were also present is not excluded. Fig. 1, for which we are indebted to Messrs. 
R. R. Gordon and J. B. Hale, represents a portion of the spectrum, and shows a complicated group of over- 
lapping bands. The same region of the spectrum of pure 1 : 3 : 5-trideuterobenzene contains only a single 
band (with P, Q, and R branches) due to the vibration frequency 833 cm". Obviously the decarboxylation 
product, in spite of its nearly correct deuterium content, is a mixture of several different molecular species. 

Our next experiments concerned the decarboxylation of benzoic acid. Repetition of Morita and Titani’s 
experiment, using 1-05 equivalents of calcium deuteroxide, gave material the hydrogen of which contained 
17-5 atoms % of deuterium. Using 2-6 equivalents of calcium deuteroxide the deuterium content of the product 
rose to 28-8 atoms %, though this value fell to 17-2 atoms % on operating at a low pressure. All the samples 
contained more deuterium than pure monodeuterobenzene (16-7 atoms %). 


* The carboxylic hydrogen of the acid was isotopically normalised by exchange with ordinary water before the 
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Finally, sodium salts were used instead of calcium salts, but the results were even less simple. The use of 
three molecular equivalents of sodium deuteroxide gave a benzene with hydrogen containing as much as 32-1 
atoms % of deuterium. Under reduced pressure this figure rose to 36-9 atoms %, corresponding to an almost 
completely random distribution of the hydrogen of the reactants. The failure to reduce the hydrogen exchange 
by operating under low pressure would indicate rapid deuteration of sodium benzoate by sodium deuteroxide. 
The increase may be attributed to the increased time the fused salts were together (the reaction took 30 instead 
of 8 minutes). This exchange between benzoic acid and fused alkali may explain the observation by Erlen- 
meyer and Loback (Helv. Chim. Acta, 1936, 19, 546) that nuclear deuterium is lost when the deuterated benz- 
anilide,"C,D,-CO-ND-C,H,, is hydrolysed to benzoic acid by fused alkali. 
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EXPERIMENTAL. 


Materials.—Trimesic acid (cf. Ullmann and Uzbachian, Ber., 1903, 36, 1799). Mesitylene (45 g., b. p. 163—-164°) and 
water (5 1.) were vigorously stirred at 95°, and potassium ganate (360 g.) was added in portions of 20 g. overa 
period of 26 hours. The resultant mass was filtered, and the filtrate added to a hot water extract (200 c.c.) of the man- 
ganese dioxide and acidified with concentrated hydrochloric acid. The acid, crystallised from glacial acetic acid, had 
m. p. 370° (corr.). Calcium trimesate. An aqueous solution of the sodium salt was treated with 50% excess of calcium 
chloride, and the precipitate thoroughly washed with water. The salt contains 12 molecules of water of crystallisation, 
and retained one of these even at 185°, but it was removed by heating at 150° at less than 1 mm. pressure over phosphoric 
oxide. Calcium benzoate. The dihydrate (Kahlbaum) was dried in the above manner. Sodium benzoate. The mono- 
hydrate (British Drug Houses) was dried by heating at 170° for 18 hours. Calcium phthalate. Phthalic acid was con- 
verted into the anhydrous calcium salt by the procedure used for trimesic acid. Calcium deuteroxide. The requisite 
amount of heavy water was distilled in a vacuum on to pure powdered calcium oxide previously heated at 600° in a stream 
of dry air for 2 hours. Sodium deuteroxide. A weighed amount of freshly cut codinan was placed in a copper tube in 
which the decarboxylation was to be carried out. The tube was about the same size as that used for sodium hydroxide 
reactions (see later), but was closed at one end, and had only one semi-circular baffle plate to prevent the molten salts 
from flowing out of the heated zone when the tube was horizontal. A stream of dry nitrogen was introduced by a tube 
passing almost to the bottom of the copper chamber. The sodium was gently heated until the last traces of naphtha in 
which it had been stored had disappeared. The tube was then clamped vertically in a bath of ice, and a slight excess of 
heavy water was introduced from a dropping funnel during } hour. The reaction went very smoothly and was completed 
by heating. (The evolved deuterium was burnt over red-hot copper oxide.) The copper tube was then placed in the 
furnace in a horizontal position, and heated to remove the slight excess of heavy water, and to fuse the sodium deuteroxide 
so that it formed a layer along the tube as far as the baffle plate. When cold, the appropriate sodium salt was added. 
Precautions were taken throughout to prevent the access of moisture. 

Apparatus.—Decarboxylation with calcium salts was carried out in Pyrex tubes (100 cm. long and 4 cm. diam.) 
heated in an electric furnace, temperatures being measured by thermocouples oo alongside the tube. The products 
were swept from the reaction chamber by a current of dry nitrogen (freed from oxygen by alkaline pyrogallol) into 
suitable cooled “a The same apparatus was used for experiments under reduced pressure, a manometer being included 
in the gas line. e copper tube used for decarboxylation with sodium deuteroxide has already been described. 

Method.—Calcium salts were intimately mixed by shaking in a large flask, and the mixture was then introduced into 
the Pyrex reaction chamber by attaching the neck of the flask to it with rubber. Reaction commenced at 430°, and was 
usually complete after 1 hour’s heating at 430—550°. About half the combined water in the calcium deuteroxide was 
recovered as water. The benzene and water, together with a little benzophenone, were separated, and the benzene was 
dried over phosphoric oxide and distilled 

The reactions under reduced pressure at 430—480° gave back about } of the combined water of the calcium deuteroxide 
as water, and the amount of benzophenone formed was rather greater than before. With sodium hydroxide, benzene 

eared at 370°, and the whole of it was evolved below 380°. Using sodium deuteroxide, the reaction occurred between 

° and 470° at ordinary pressure, and between 350° and 380° under reduced pressure (0-2—0-4 mm.). 

Exchange Experiments.—Deuterium exchange between benzene and calcium hydroxide was carried out in the same 
apparatus as that used for decarboxylation. The benzene was introduced as vapour. 


Sir WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, May 7th, 19465.] 


59. Structure of Benzene. Part XV. Experimental Methods for Raman Spectro- 


scopy, including a Micro-method. Revision of the Raman Spectrum of Hexa- 
deuterobenzene. 


By Harry G. Poote. 


A general account is given of the methods of Raman spectroscopy which have been applied in the work 
recorded in this group of papers. A number of developments in technique are described, including an optical 
system which reduces, by a factor of the order of 20, the quantity of (liquid) experimental material necessary 
in order to secure a given spectroscopic speed. Using 0-3 c.c. of hexadeuterobenzene, the fundamental Raman 
frequencies of this molecule have been determined with a probable accuracy of + 0-2 cm.; and a revised list 


of the higher harmonic frequencies has been prepared, which corrects a number of errors or omissions in the 
published data. 


(1) Introduction. 
Tue Raman spectra of partly deuterated benzenes have been previously studied by Redlich and Stricks 
(Monatsh., 1936, 67, 213; 68, 374) and, considerably more fully, by Langseth and Lord (Kgl. Danske Vidensk. 
Selsk., 1938, 16, 6). The present investigations of Raman spectra of deuterated benzenes have already been 
partly summarised (Nature, 1935, 185, 1023; 1937, 189, 880; Z. Electrochem., 1938, 44, 20). They include a 
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re-examination of the Raman spectrum of hexadeuterobenzene. Certain factors of experimental method, to 
which considerable attention has been paid, will, it is hoped, have contributed to a relative freedom from errors, 

The first is the use of isotopic isomerides of a high standard of purity. Neither Redlich and Stricks nor 
Langseth and Lord had at their disposal very pure material. They dealt with the situation by discounting 
any observed frequencies which might have been due to an isotopic impurity. However, the spectra of most 
of the partly deuterated benzenes are so rich, and the possibilities of approximate coincidence between 
frequencies of different isotopic forms are so real, that this procedure is not a safe one: an observed and quite 
authentic frequency may become rejected because its agreement with a frequency of some impurity renders 
its origin uncertain. The avoiding of this difficulty by the preparation of isomeric benzenes of a high degree of 
isotopic purity is the central importance of the work described in the three immediately preceding papers. 

The other experimental factors are discussed in this paper. One relates to the use of an optical system of 
relatively high resolving power. The so-called “lines ’’ of a Raman spectrum are vibration-rotation bands of 
considerable spectroscopic width, and the difficult problem of establishing weak lines which are largely 
overlapped by strong ones, or of making as sure as possible that such overlapped lines are absent, occurs 
frequently in the spectra of the partly deuterated benzenes. In most of them also, we find strongly over- 
lapped pairs of lines of nearly equal intensity, and the distinguishing of the resultant photographic effect 
from that of a single broad line sometimes requires a detailed study of the densitometric contours. Both types 
of problem necessitate apparatus of considerable resolving power. 

Angus, Ingold, and Leckie examined the Raman spectra of benzene and hexadeuterobenzene with the aid 
of a Hilger E 390 spectrograph (Part III, J., 1936, 925). The dispersion of this standard instrument is adequate, 
but its limited light-collecting power compels the use in Raman spectroscopy of slit widths great enough to 
entail a heavy sacrifice of resolving power. Even so, the instrument can cope fairly satisfactorily with the 
relatively simple spectra of the highly symmetrical benzenes previously studied. But a preliminary survey 
with the same equipment of the Raman spectra of the less symmetrical, partly deuterated benzenes convinced 
us that a number of important details in these much richer spectra remained undisclosed. Therefore Messrs, 
Adam Hilger Ltd. constructed a special spectrograph providing a much increased light-collecting and resolving 
power. In this connexion we thank Dr. J. W. Perry, who calculated the optical system, for his expert co- 
operation. This*spectrograph and the ancillary apparatus, as well as the general method of working, are 
described in Section 2. 

Another point of method on which we lay stress is the use of filtered light. Like most previous investigators 
we have used the light from mercury lamps for excitation, and, as many others have done, we have consistently 
employed filters. These included the usual filters, aqueous sodium nitrite, and iodine dissolved in carbon 
tetrachloride; but we have also used other filters (Wood, Physical Rev., 1930, 36, 1421), including the praseo- 
dymium and cobaltammine filters specified later, for helping to clear the spectra of unwanted radiation, coming 
either from the lamps or from the scattering substance (cf. Section 2). 

Differential filtration of the two principal exciting lines, Hg 4046-56 a. and Hg 4358-34 a., is of great import- 
ance in our view, the added certainty thus conferred on the analysis of the spectra being well worth the cost 
in diminished light intensity and lengthened exposures. As an example we cite the investigation of 1 : 4-di- 
deuterobenzene by Langseth and Lord, who used unfiltered light. This is almost certainly the reason why 
they recorded (as a fundamental) a frequency, 1167 cm.-', which does not exist, and missed another (funda- 
mental) frequency, 1309 cm.-!, which does: in both cases there is overlap with independently excited 
frequencies. 

In the Raman spectra of most partly deuterated benzenes a number of the active fundamental frequencies 
appear in pairs, as closely overlapped “ lines ’’ of similar intensity, the components of which cannot (or can 
scarcely) be resolved, still less measured with accuracy, by visual observation. For the analysis of these 
doublet lines, and many complicated, much-overlapped line-groups, a detailed microphotometric study is 
essential; and since the grouping in close pairs of certain fundamentals is so characteristic a result of non- 
trigonal deuterium substitution, a detailed microphotometric study has been made of all the stronger Raman 
“lines,”’ and certainly of every “ line’ in which multiplicity was suspected. An illustration of the evidence 
by which multiplicity was established when it was hardly possible to pick out the separate intensity maxima in 
the plates is given in Section 2. 

Certain of the samples of benzene were too small for satisfactory use in the conventional Wood’s tube. 
Almost the whole laboratory stock of pure hexadeuterobenzene had been sent on loan to the United States of 
America, and had met with an accident during its travels, with the result that only 0-34 g. remained. A 
similarly unusual occurrence had reduced our stock of pure pentadeuterobenzene to about 0-9 g. The task 
of preparing these compounds atthe necessary standard of isotopic purity is a very tedious one, and it was 
decided that the object of the investigation would be more expeditiously attained by developing an optical 
method for small quantities, than by undertaking the preparation of additional specimens. A new optical 
method, suitable for quantities of the order of those mentioned, has been developed, and is described in 
Section 3. It consists essentially of a special cell and an associated optical system, which together enable 
the cell-contents to provide, from incident light, an amount of useful scattered light that could be obtained 
only from about 20 times the quantity of substance by means of the usual arrangement. 

Finally, in Section 4 a revision of the Raman spectrum of hexadeuterobenzene is recorded. The study of 
this spectrum could not be left as it had been by Angus, Ingold, and Leckie in Part III (J., 1936, 925) for two 
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reasons. First, a much greater accuracy could be achieved, with the present methods and apparatus, in the 
determination of the frequencies of the principal lines than was possible in the earlier investigation : it seemed 
desirable to raise the study of the Raman spectrum of hexadeuterobenzene to the same standard of precision 
as that of the spectra of the partly deuterated benzenes. Secondly, the conviction had been growing that the 
earlier list of weak frequencies contained a number of errors requiring correction, and it was clear that, with the 
better apparatus and the additional experience, a completely reliable list could be prepared, such as it is essential 
to have for the purpose of determining the inactive fundamental frequencies of hexadeuterobenzene (Part XXI, 
this vol., p. 316). Incidentally, the low fundamental frequency of the forbidden E,,+ class, which could only 
very doubtfully be distinguished in Angus, Ingold, and Leckie’s investigation, was now satisfactorily observed. 


(2) General Methods. 


(a) Spectrograph.—A Hilger three-prism glass spectrograph was employed, which was especially designed to have 
large tight-gathering and resolving power. The three prisms were each is cm. high, the lengths of their refracting faces 
were 18, 18-5, and 18-5 cm., and those of their bases were approximately 17, 18, and 18-5 cm., respectively. The total 
deviation pepe by the three prisms approached 180°; and the spectrum came to a focus approximately normally to 
the axis of the camera. The aperture of the collimator lens was about F/5-5, and of the camera lens F/2-2. 


The trograph was kept in a thermostated room at 18-6°. It was accurately focussed over the region 4780— 
4120 a. In this range the dispersion varied from 68 cm.-1/mm. at 4130 a. to 134 cm.-!/mm. at 4760 a. 

The effect of slit-width on intensity and aay ewe has been worked out for sharp lines (Schuster, Astrophys. J., 
1905, 21, 197). The ‘‘ normal” slit, of width fA/4D, where f is the focal length and D the diameter of the collimator 
lens, gives almost the same resolving power as an infinitely narrow slit. On increasing the slit-width, the intensity 
increases at first rapidly and later more slowly, whilst the resolving power drops at first very slightly but later more 
rapidly. With a slit-width of 3-67 times the normal, the resolving power is one-half of the maximum, and for eae 
a further increase of slit-width does not yield any substantial increase of intensity. However, all vibrational 
lines spread over several wave-numbers, and for these the slit-width beyond which no increase in intensity occurs is 
considerably greater. The normal slit-width for this spectrograph at 4500 a. is 0-0006 mm., so that for sharp lines a 
maximum of intensity would be closely approached by a slit-width of 0-0022 mm. For Raman lines we used a slit- 

or calibration purposes a series of iron-arc spectra, some with superposed mercury tra, were photo hed. 
We used Hg 4347-50 a. as origin for distance measurements on the plates. The weaker Hg 4343-64 a. was found to 
be a convenient secondary origin. Fifteen iron lines, from 4134-681 to 4736-780 a. inclusive, were selécted as fixed points 
for interpolation, and their distances from Hg 4347-50 a. were measured to 0-002 mm. They were used in overlappi 
sets of three to calculate the constants of Hartmann formule, valid to 0-002 mm., for the several spectral regions, 
the formulz were then employed in the construction of a graph (scale, 1 mm. = 0-2 cm.*1, 1 mm. = 0-002 mm.) connecting 
wave-number with distance on the plate from Hg 4347-50 a. An iron-arc spectrum was put on every Raman plate, so 
that the calibration could be checked when desired. 

The specimen, normally about 6 c.c., was enclosed in a Raman tube of the introduced by Wood. The tube was 
charged by non-ebullient distillation in a vacuum from phosphoric oxide, and ed. The specimen naturally had to be 
cooled for the sealing, and there was danger that, as the frozen material became warm again the window of the tube 
would be cracked by the expansion. To avoid this, the carbon dioxide freezing mixture was placed only round the top 
part of the specimen, which was afterwards thawed carefully from the top downwards. 

The tube was set vertically on a total-refiexion prism in front of the slit. Liquid light filters were kept in annular 
vessels co-axial with the Raman tube. One or two mercury lamps were used for illumination, the effective intensity of 
which was increased by means of mirrors. A forced draught kept the apparatus cool, and removed the formed ozone. 

(b) Filters.—For the selective removal of Hg 4046-56 A. we used, as is usual, a 1 cm., or 2 cm., thickness of saturated 
sodium nitrite. Rough absorption measurements showed that 1 cm. transmits about 2% of Hg 4046-56 a., about 10% 
of Hg 4077-8 a., and about 75% of Hg 4358-34. For reducing the intensity of Hg 4358-34 a. we employed Wood’s 
filter, a l-cm. thickness of a saturated solution of iodine in carbon tetrachloride; but as this filter transmitted only 
about 10% of Hg 4046-56 a., the exposures had to be considerably lengthened. The continuous radiation from the lamps 
was reduced, where desirable, by a l-cm. thickness of a concentrated aqueous solution of praseodymium chloride or 
of an M/20-aqueous solution of cobaltic chloride in excess of ammonium thiocyanate. The former filter is very effective 
between 4400 and 4520 a. and is of some value on the long-wave side of 4630 a. The latter is mainly useful on the 
long-wave side of 4500 a. The praseodymium filter transmits almost 100% of Hg 4046-56 a. and about 80% “— 
4358-34 a. The cobalt filter transmits roughly 50% of each of these lines. Fluorescent products of photochemi 
decomposition, formed within the Raman tube, were another source of background in the spectra. This trouble was 
avoided by removing the chemically active light by means of a sheet of Crookes’s glass A, which transmitted about 
60% of Hg 4046-56 a. and about 75% of Hg 4358-34 a. When a nitrite filter was used, this glass filter was unnecessary, 

Most of the spectrograms were taken on Ilford Special Rapid plates, previously sensitised by means of mercury vapour. 
Measurements were carried out with a microscope reading to 0-001 mm. 

(c) Microphotometer.—Only some Raman lines are suitable for direct measurement; others are too broad or too 

; or their structure is complex, and the eye is no adequate judge of the maxima of their components. In these 
cases it is necessary to determine frequencies from microphotometer records. 

A Zeiss recording microphotometer was used for this purpose. A section of the trum to be examined 
was illuminated, and a cross-section, never more than 0-04 mm. wide and often narrower, was selected, after magnification, 
by a slit. The light passing this slit fell on a photo-cell, the output of which was fed to the fibre of a Wilf unifilar 
electrometer. As the spectrogram was slowly moved by a motor-driven mechanism past the slit, the movement of the 
fibre was recorded photographically. The magnification ratio, i.e., the ratio of the dispersion on the record to that 
on the spectro; , was variable, being governed by an adjustment on the transmission arm linking the motion of the 
table bearing the Raman plate with the motion of the record-holder. 

_ In the examination of doublets or more complex line-groups, the microphotometer slit-width had often to be set by 
trial, sometimes without much permissible margin of deviation from the optimum, so that it would be fine enough to 
cope with the problem of resolution in hand, and yet not so fine that a real resolution would be masked by fluctuations 
of photographic density due to the finite size and random distribution of the developed grains of the plate. The technique 
by which some of the more difficult resolutions were effected is illustrated by the four microphotometer records, printed 
together in Fig. 1, of the doublet representing the nearly degenerate, planar ring-bending vibration of 1 : 4-dideutero- 
benzene. The separation of the maxima amounts to 4-3 cm.~!, and the only record, of the four shown, which could be 
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used in the measurement of this value (i.e., which had both maxima sharp) is that taken with a microphotometer slit- 
width equivalent to a spectral width of 2-1 cm."}. | 

For recording, Kodak Recording Paper R.P.15 was used. This showed a ponionry uniform shrinkage of about 
0-4% on processing. Errors in frequency measurement due to irregularity in the shrinkage of recording os ad did not 
exceed 0-05 cm.-1, and were therefore negligible. T2wo methods were employed for the evaluation of the frequencies of 
Raman lines from microphotometer records. In the first, at least two ‘‘ key ” lines, which had been accurately measured 
directly on the plate, had to be included in each magnified record. Measurement of these lines on the record gave the 
magnification ratio (relating to distances on the processed record), by means of which the distances from these lines of 
any others measured on the record could be converted into corresponding distances on the plate, thence into distances 
on the plate from the zero-line of the calibration, and thence into wave-numbers; a cathetometer was used for the 
measurement of records. A second and better method of evaluation was devised, which could be used even if only one 
key line, accurately measured on the plate, were included in each magnified record. For this method, each record was 


Fie. 1. 


Spectral width of 
photometer slit 
(cm."), 


Resolution of the Raman doublet 596-6 /600-9 cm.-1 of 1 : 4-dideuterobenzene. The best microphotometer slit-width corresponds 
to a spectral width of 2-1 cm, With wider slits the resolution is incomplete, and with narrower slits it is overlaid by 
effects due to the granular structure of the photographic image. 


over-printed with a grid of known dimensions, thus enabling a shrinkage correction factor to be determined. Distances 
(relating now to the unprocessed record) from a single reference line were then readily obtainable by measurement and 
correction of only the short distances from the nearest grid marks; the shrinkage corrections were thus reduced to values 
corresponding to about 0-2 cm.~! on the average, i.¢., just on the threshold of significance. The magnification ratio (also 
relating to the unprocessed records) was determined by taking, with the same setting of the transmission arm, a similarly 
over-printed record of a calibrating graticule. Hence the distances on the plate could be determined, and converted by 
the usual stages into wave-numbers. 

The final preferred technique involved the measurement of even the key lines by this second method, thus entirely 
obviating the use of the microscope. Each key line was now included in the records of two adjacent.regions of the 
spectrum, so that their distances from the zero line were obtained rer owe: | by summation. The spectrum was usually 
covered by four records. The longer distances were thus affected slightly by the accumulated errors of successive 
measurements, but this is more than offset by the greater certainty of location of the intensity maxima. This method 
was used in the re-examination of the hexadeuterobenzene spectrum described below. 


(3) Method for Small Quantities. 
(a) Principles.—The nature of the method by which the economy of material is effected will first be explained 
by means of the following simplified comparison with the procedure followed when quantities of the order of 
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6c.c. are available. In this case a Wood’s tube was employed. A cylindrical body of liquid is thus illuminated, 
but the useful scattered light comes from within the frustrum of a cone, whose apex is at the slit and whose 
apical angle is fixed by the aperture of the collimating lens of the spectrograph (Fig. 2a). This was about 


Fic. 2a. 
Collimator Slit Wood's tube 


Wood’s tube system (diagrammatic). 


F/5-5, but, since its value was not very exactly known, we assumed F'/5-0 (in order to be safe) when calculating 
cell dimensions (below). Owing to the reflecting prism, and for other optical and mechanical reasons, the optical 
distance of the slit from the end of the illuminated cylinder nearest the slit was about 20cm. The cylinder 
itself was usually about 4-0 cm. long. The assumed aperture then determines the minimum diameter of the 
cylinder, 1-2 cm., necessary to include the whole of the frustrum. The illuminated cylindrical volume is 4-5 c.c., 
but, of course, an additional 1—1-5 c.c. of liquid is required to fill the bend in such a Wood’s tube. If JdvdQ 
is the amount of light scattered within a solid angle dQ from an element of volume dv, the amount of useful 
scattered light coming from a circular slice of the cylinder, of thickness dL, is easily shown to be rl/hwdL/4a?, 
where / and w are the height and width of the slit, and F/a is the aperture (assumed « = 5-0). Thus circular 
slices, if of constant thickness, independently of their position, make the same contribution to the total useful 
light rlhwL /4a*, which accordingly is directly proportional only to the length of the cylinder, provided that it is 
wide enough to include the whole of the frustrum. The amount of useful scattered light provided by a slice 
of constant thickness will come from a greater or smaller part of that slice, depending onits position. Thus ifthe 
slice is taken in the middle of the illuminated cylinder the useful scattered light will emanate from a central 
portion 0-8 cm. in diameter. 

Now consider the effect of interposing between the slit and the cell a lens of sufficiently large aperture to 
pass all light that can be accepted by the collimating system, the cell being displaced to such a position that 
if the slit were a source of light its image would be found in the centre of the cell (Fig. 2b). Let H and W be 


Fic. 20. 


Collimator Slit Projection Ce// 
/ens ° 


} 


Micro-system (simplified illustration). 


the height and width of this image, and consider once again a central slice of thickness dL. The only portion 
of this slice which contributes useful scattered light will now be the portion of area HW, and thickness dL, 
marked out by the geometrical image of the slit. It can easily be shown that the amount of the useful scattered 
light contributed by this portion, and therefore by the whole slice, is r]hwdL/4«*—exactly the same as in the 
system with the Wood’s tube and without the lens. But now all this light comes from a much smaller volume; 
for, with a slit of any ordinary dimensions, the area HW will be much smaller than that of a circle of diameter 
08cm. This consideration permits a reduction in the area of cross-section of the cell, without any loss of useful 
light. The optimal shape of cross-section, from the point of view of economy, will not now be a circle, but a tall, 
narrow rectangle. 

Actually, the cross-sectional dimensions of the cell must be greater than H and W, because, if the centre 
of the cell is focussed on the slit, other cross-sections will not, be so focussed, and allowance must be made for 
material which, though out of focus, could supply some light to the slit. And rays from the focussed section 
must be allowed to diverge sufficiently to flood the effective aperture of the lens. Ina quantitative calculation, 
refraction at the front window of the cell has also to be taken into account. 

In Fig, 2c, the arrow marked w/2 represents half the slit-width. In air, its geometrical image, of length 
W /2, formed by a projection lens of focal length f and effective diameter d, distant v from the slit, would lie 
at Z, distant u from the lens and # from the front surface of the cell contents ; but refraction by the cell contents, 
of refractive index p, displaces the image to Z’, the mid-point of the cell, of internal length L’. Now let the 
arrow W/2 be regarded as the object, and let m be the magnification factor (less than unity) for the formation 
of its image at the slit by the projection lens (which will here be treated as a thin lens). We have v/d = « 
(taken as 5-0); also L’/2x =p; and m= w/W =v/u; also we have the thin-lens formula v = f(1 + m). 
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Part of the necessary width of the cellis W. The other part is twice the distance marked a/2 in Fig. 2c, and this 
is given by the geometrical relation a/(W + d) = x/u. Eliminating u, v, and d from amongst these equations, 


Fic. 2c. 
<---2--> 


<---f--> 
---- 
Micro-system (optical diagram). 


we may express the minimum permissible width, W’ = W + a, of the cell in terms of the focal length and 
magnification factor as follows : 
W' = + 
In practice the term independent of w is the more important. A similar formula gives the minimum height of 
the cell, 


H'= 


1 L'm 
but in this case the term proportional to A is the more important. 
The interior of the cell is represented in Fig. 2d, showing the region from within which comes all of the useful 
scattered light. 
(b) Cell Construction.—Several cells based on these principles were built,* and more than one lens was 
employed. Particulars will be given of the system used for hexadeuterobenzene. 
“It should first be explained that, owing to the slight curvature in the spectral lines, we never used a greater 
«length of line than 0-7 mm. for the taking of microphotometer 
Fic. 2d. , records. In order to utilise to the best advantage the small 
: amount of hexadeuterobenzene available, it was now arranged to 
produce spectral lines only 0-6 mm. long, and this necessitated a 
slit-length, h, of 1-2mm. The cell dimensions were calculated for 
this slit-length, and for a slit-width, w, of 0-0125 mm. The pro- 
jection lens employed had an aperture F/3-1 (more than suffi- 
cient for the purpose), and a focal length of 54 mm. The optical 
system was arranged to give the magnification factor m = 1/5. 
The length of the cell, the dimension on which the intensity of the 
Interior of cell (diagrammatic). useful scattered light essentially depends, was planned to be 40 
mm., the same as the cylindrical length illuminated in the Wood’s 
tubes which were employed when sufficient material was available. The refractive index, p, of the cell contents 
was taken as 1-5. The above equations then gave W’ = 0-60 mm. and H’ = 6-8 mm. The cell was actually 
constructed to be slightly wider and taller, in order to leave some latitude for error in lining up. Its width, as 
measured after construction, was 0-84 mm., its height 8-32 mm., and its length 39-4 mm. Its internal volume 
was thus 0°28 c.c. 
The cell was made of silica, the joints being welded. Two clear silica plates, 4-5 mm. thick, were 
to form the vertical sides of the cell. They were separated’ by spacing strips of silica ground to the correct 
thickness (0-83 mm.). The strip along the bottom was continuous, whilst the two upper strips left a central 
gap (Fig. 3a). The assembly was then sealed externally with the blowpipe along the strips at the top and 
bottom of the cell. Next the silica filling tube, the end of which had been thickened and ground flat, was sealed 
on externally over the gap between the upper spacing strips. Finally, front and back plates, also 4-5 mm. thick, 
and optically flat and polished, were prepared and sealed on. When sealing on these plates a slight positive 
pressure was maintained in the cell (with the aid of the already attached filling tube) in order to prevent any silica 
vapour from entering and condensing on the important interior optical surfaces. One of the large side plates 


* The first was made, to specification, by Adam Hilger, Ltd., of silica by adhesion, Later, it was found quite easy 
(and much speedier) to make one’s own cells of silica by welding. 7 
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was then silvered on the outside in order to increase the intensity of irradiation, whilst those remaining parts 
of the external surface through which light was not intended to pass were blackened. 

(c) Mode of Operation.—Since the introduced hexadeuterobenzene had to be frozen at a low temperature 
in order to permit the final sealing of the filling tube, and since the material, if frozen in the cell itself, could — 
scarcely have been thawed again without breaking the cell, a bulb, several times larger than the sample (0-33 c.c.), 
was attached to the filling tube (Fig. 3b). The hexadeuterobenzene was first transferred to this bulb by non- 
ebullient distillation in a vacuum; it was then strongly cooled, and, with the vacuum still maintained, the 
filling tube was sealed. By gently warming the bulb, the hexadeuterobenzene could be melted and transferred 
by distillation to the cell, filling it completely. 

During the taking of a Raman spectrum, the fill- Fie. 3. 
ing tube and bulb had to be heated gently by means 
of an electrical winding so that this part of the 
apparatus should be slightly hotter than the cell. 
Otherwise the cell became the warmer end of the 
system, by reason of its proximity to the mercury 
lamp, and the hexa-deuterobenzene distilled from the 
cell into the bulb during the exposure. 

Care was necessary in lining up. A holder was 
made to grip the cell securely, and also support the 
liquid filters, which were now, of course, contained in 
rectangular vessels; and a mounting was made for 
the holder, in which the three degrees of transla- 
tional freedom, and the three of rotational freedom, 
were all provided by screw adjustments. This " 
mounting, as well as a simpler mounting, with 
adjustments, which supported the projection lens, (a) 
were secured to a rigid extension to the chassis of 
the spectrograph. The cell holder was so made that 
the back window of the cell could be obscured by a 
removable soot-coated dark-slide (a few mm. behind 
the cell window, in order to avoid direct illumina- 
tion of the blackened surface). In lining up, this 
slide was withdrawn, and a lamp was placed in the 
position of the plate holder of the spectrograph. The im" 
light emerging from the slit was focussed to an image 
in the centre of the cell, and the position of the latter 
in relation to all its translational and rotational 
degrees of freedom was so adjusted that the beam 
passed through the front and back windows without 
touching any side or edge of the cell. As expected, 

the cell gave Raman spectrograms with approxi- (5) 
mately the same speed as did Wood’s tubes filled 

with about 6 c.c. of material. An unexpected char- 

acteristic of the spectrograms was the remarkably 

low level of continuous background; it had been 

anticipated that there would be a serious amount of 

— light coming from the soot-blackened Cell construction. 

slide. 

The small latitude in lining up permitted by the dimensions of the cell described necessitated the use of a 
well-corrected lens. For cells of greater width (1-5 mm. was permissible with our sample of pentadeutero- 
benzene), conditions were less stringent, and a lens taken from a microscope eye-piece was found to be quite 
satisfactory; also a much wider slit could be used with such cells, if desired. 


(4) Raman Spectrum of Hexadeuterobenzene. 

(a) Observations.—The revised list of frequencies is given in the first row of figures in the table below. 
The second row contains qualitative indications of intensity on the same basis as that employed in the following 
papers in connexion with other Raman spectra (ww, very weak; w, weak; mw, moderately weak; m, moderate 
intensity; ms, moderately strong; s, strong). No new quantitative intensity and polarisation measurements. 
have been made, and therefore the values previously recorded (Part III, loc. cit.) are given in the third and fourth 
tows for completeness. The last row distinguishes fundamental frequencies (F) from overtones (0) and com- 
bination tones (c) : a complete assignment is given in Part XXI (this vol., p. 316). 

(b) Discussion.—Reference is made in Part III (loc. cit.) to all the observations on the Raman spectrum of 
hexadeuterobenzene which had been published up to 1936. Since then, Langseth and Lord (loc. cit.) have 
recorded new values of the seven active fundamental frequencies. For the five fundamental frequencies which 
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lie below 2000 cm.-!, Langseth and Lord’s values are almost exactly 1-8 cm. higher than those now recorded, 
whilst for the two highest fundamental frequencies, their values are 0-7 cm.-! higher than the present figures, 
The deviations from the values given in Part III are more casually distributed, though most of them are within 
lcm.-!, The present values are believed to be good to within 0-1 or 0-2cm.-1. This does not apply, of course, 
to the weak frequencies, which may be in error by several wave-numbers. 

A number of the weak frequencies given in Part III are fictitious, owing mainly to erroneous assignments 
of the Raman lines to their excitation frequencies, though in some cases the lines themselves could not be 
confirmed. Two Raman frequencies (844-5 and 1161 cm.-!) have been observed which were not recorded in 
Part III as separate vibration frequencies, though the frequency 844-5 cm.-1, which has a moderate intensity, 
is clearly visible on the original plates belonging to the authors of that paper; it was, however, overlapped by 
a stronger line, and not nearly as well resolved as is possible with the present equipment. It was missed by 
Wood, but was recorded by Klit and Langseth (cf. Part III, loc. cit.). Satisfactory observations, and fairly 


Taste I, 

Revised Raman Frequencies of Hexadeuterobenzene. 
Frequency 350 5774  °661-7 844-5 867-3 943-2 974 
WW ms ms m ms s ww 
000.000 000.000 000 200000 800 00000200 Fe F F c F F C,HD, 
Prequency 1161 1329 1522 1551-5 1575 1923 
mw ww w mw ms mw w 
Polarisation (Part III) — — 0-82 
Frequency 2139 2264-9 2292-6 2567 3050 3098 
Mw mw ms s w ww ww 
Intensity (Part III) ..... 6-1 10-6 — -- 
Assignment c F F c C,HD, 


(F* = Forbidden fundamental.) 


satisfactory measurements, have been made on the line of low frequency (350 cm.-'), only doubtful traces of 
which had been seen by the authors of Part III. The table contains all the 21 Raman frequencies which have 
been established in these experiments, although it will be noted that two of them are assigned to pentadeutero- 
benzene, 1-8% of which was present in the hexadeuterobenzene employed (Part XIII, this vol., p. 243). The 
necessity for these assignments has been pointed out by Lord (cf. Part III; cf. Langseth and Lord, Joc. cit.). 
The better values of the fundamental frequencies lead to the following revised product ratios : 

IIA _ 991-6 x 3061-9 

ITA = 945-3 x 9902-6 1-404 (calculated value 1-414) 

TIE,*(CeH,) _ 605-6 x 1178-0 x 1596 x 3046-8 _ | 

ITE, *(C,D,) ~ 577-4 x 8673 X 1651S x 20645 1970 (calculated value 2-000) 

TIE,“ (C,H,) 848-9 

TIE; (C,D,) 661-7 


The calculated values are those given by the product theorem of Teller and Redlich, which assumes harmonic 


forces. (In the succeeding papers, such calculated values will be termed harmonic values.) Since the effect 
of anharmonicity is usually to reduce the value of the ratio, the agreement is to be regarded as satisfactory. 


SrtR WILLIAM RAMSAY AND RALPH FoRSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C. 1. [Received, May 7th, 1945.] 


= 1-283 (calculated value 1-285) 


60. Structure of Benzene. Part XVI. Experimental Methods for Infra-red 
Spectroscopy. Note on the Infra-red Spectrum of Hexadeuterobenzene. 


By C. R. Battey, S. C. Carson, and C. K. Incotp. 


Preliminary experiments on the Raman spectra of partly deuterated benzenes having shown that, for 
many of these compounds, fundamental absorption bands were to be expected as far out in the infra-red spectrum 
as 27 p», arrangements are described which were instituted to facilitate accurate observation in this long-wave 
region. Since the long wave (A,,) band of hexadeuterobenzene, although observed, could not be satisfactorily 
measured in the work which was described in Part IV (1936), the opportunity was taken to repeat the measure- 
ment with the new experimental arrangements. The effect of the revision is to reduce the previously stated 
value of the vibration frequency, improving its agreement with the requirement of the product theorem. 


Tuis paper supplements the investigation of Part IV on the infra-red spectra of benzene and hexadeutero- 
benzene; it also introduces, in their experimental aspect, following papers on the infra-red spectra of certain 
partly deuterated benzenes. 
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Bailey, Hale, Ingold, and Thompson studied the infra-red absorption spectra of benzene and hexadeutero- 
benzene over the complete range of the fundamental vibration frequencies which, for these molecules, are 
active in the infra-red spectra (Part IV, J., 1936, 921). The prism spectrometer with which the work was 
done was originally arranged to cover the wave-length interval 1—19 p, by the use of interchangeable prisms 
of quartz, fluorite, rock-salt and sylvine. However, with only these four optical systems, difficulty arose 
over the infra-red parallel band due to the in-phase, out-of-plane, bending vibration of the six hydrogen 
atoms. In benzene itself this vibration, A,,, has the frequency 671 cm.-', and its infra-red band, in the region 
of wave-length 15 pu, is readily studied. In hexadeuterobenzene, however, the frequency is lower, and the 
wave-length is outside the range of the optical systems mentioned. By the substitution of a potassium 
bromide prism, the A,, band of hexadeuterobenzene was observed around wave-length 20 yu, but it could 
not be accurately measured because satisfactory optical details had not at that time been worked out. The 
vibration frequency was given as 503 cm.-", but the difficulty of the measurement was noted. Therefore one 
of our motives in developing more suitable arrangements for extending the range of spectroscopic observ- 
ation to beyond the original upper limit of wave-length has been the desire to make more satisfactory observ- 
ations on the A,, band of hexadeuterobenzene, thus rounding off the experimental work of Part IV. A 
re-investigation of the band is recorded in this paper. 

Our work on partly deuterated benzenes was begun by an examination of Raman spectra; and these 
spectra at once showed that all benzenes must possess at least one outstandingly low frequency, which, when 
allowed in the infra-red spectrum, will lie well below the lower limit of possible frequency measurements with 
our original infra-red equipment. The vibrations concerned were identified as those derived from the non- 
trigonal, out-of-plane, bending vibration of the carbon ring of benzene (Bailey, Best, Gordon, Hale, Ingold, 
Leckie, Weldon and Wilson, Nature, 1937, 139, 880; Ingold, Z. Elektrochem., 1938, 44, 20). For some benzenes 
the frequency of this vibration can only be observed in the infra-red spectrum; and it was evident from the 
measured Raman frequencies of other benzenes that the infra-red frequencies we should then have to deter- 
mine are to be expected near 370—380 cm.-", corresponding to the wave-length region 26—27 wu. This is 
within, though only just within, the limit of long wave-length attainable by the use of a potassium bromide 


optical system, and the need to measure these bands provided our second motive for developing the use of. 


this system. 

Our spectrometer is a constant-deviation instrument, which is employed as a monochromator, the wave- 
length of the radiation emerging from the exit slit being controlled by a wave-length drum geared to the 
rotating prism table. It is possible to use all the prisms with the same prism table and wave-length drum 
when the readings of the latter have been correlated with wave-length for each prism. It is also possible 
to set each prism, except the potassium bromide prism, by means of visible light. The method is to set the 
prism at minimum deviation by means of a special jig, turn the drum to a reading corresponding to the wave- 
length of, say, the mercury green line, replace the Nernst filament temporarily by a mercury lamp as source 
of radiation, and then rotate the Wadsworth mirror within the spectrometer until the green light emerges 
from the exit slit; but with the potassium bromide prism this procedure is impossible owing to the fact that, 
when this prism is in position, the lowest reading on the drum corresponds to a wave-length in the infra-red. 
Attempts to set the prism by locating known infra-red bands, using the thermopile in place of the eye as 
detector, were unsatisfactory, and the following indirect method was therefore devised. 

The drum was set at the reading 11-95, corresponding, for the potassium bromide prism, to a wave-length 
of 26-55 u. From tables it can be ascertained that radiation of this wave-length is deviated by 31° 46’ 22” 
on passing through a potassium bromide prism, of angle 60°, set at minimum deviation. The fluorite prism 
was then inserted, and set, not with its own jig, but with the jig belonging to the potassium bromide prism. 
This fixes the incident light on the prism at an angle of 48° 21’ 22”, and it can easily be calculated that the 
wave-length of radiation, which, if incident on the fluorite prism at this angle, would be deviated by 31° 46’ 22”, 
is the wave-length of the mercury green line. Therefore, with a mercury lamp illuminating the entrance slit 
of the spectrometer, the Wadsworth mirror was turned until the green line emerged from the exit slit. The 
fluorite prism was then removed, and the potassium bromide prism inserted. The values recorded by Korth 
(Z. Physik, 1933, 84, 677) for the refractive index of potassium bromide were used to calculate the calibration 
curve connecting drum reading with the wave-length of the emergent radiation given by the potassium bromide 
prism. 

In regions of comparatively long wave-length, the main difficulty with a spectrometer of the type of ours is to 
concentrate sufficient radiation on the detecting apparatus. In our apparatus the radiation was received on 
one of a pair of 20-junction, silver—bismuth thermopiles, coupled in opposition, and connected to a sensitive 
Zernicke galvanometer, the deflection of which (1 mm. at 1 m. = 10“ amp.) was magnified by means of a 
photo-relay operating a second similar galvanometer. To some extent, the falling off with increasing wave- 
length of the energy in the spectrum of a hot filament can be countered by utilising the circumstance that 
for larger wave-lengths the slit-width can be increased without loss of resolving power. However, full 
advantage could not at first be taken of this fact, because, with our original arrangement, radiation from 
either of two alternative directions became received obliquely by the thermopile, the guards and containing 
gas-tight case of which limited the size of image which could thus be focussed on the thermo-elements. Under 
the restriction imposed by this oblique focussing the galvanometer deflections were so small as to be quite 
unreliable for wave-lengths of 25 » and greater. 
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The focussing system was accordingly modified to the form shown diagrammatically in Fig. 1. Radiation 
from the source N, focussed by the plane mirror M and the concave mirrors Cl and C2 on the entrance slit 
S1, after collimation by the concave mirror C3, refraction by the prism P, reflection by the Wadsworth 
mirror W, and focussing by concave mirror C4, emerges as a monochromatic beam from the exit slit S2, and 
is then deflected by a rotatable, plane mirror R1 towards either of two collimating concave mirrors C5 and 
C6. Two similar absorption cells, with potassium bromide end-plates, one cell evacuated, and the other 
containing the vapour of the substance to be studied, are in the paths of the alternative collimated beams. 
The alternative beams, after passing through the cells, are focussed by concave mirrors C7 and C8, and the 
focussed beams are then directed normally on the thermopile T by a properly oriented, rotatable, plane 
mirror R2. With this arrangement we were able to carry the measurements up to about 27 yu, the limit to 
which the refractive index of potassium bromide is accurately known. 


Fic. 1. 
General arrangement of apparatus. 


M 


M = Fixed plane mirror. R1, R2 = Rotatable plane mirrors. 
W = Wadsworth mirvor. $1,S2 = Shits. 


N = Nernst filament. Cl to C8 = Concave spherical mirrors. 
KEY 
P = Prism. > = Thermopile. 


As a check upon the setting of the prism, the calibration of the drum, and the general accuracy of observ- 
ation, Dennison and Wright’s measurements on the long-wave fundamental band of carbon disulphide (Physical 
Rev., 1931, 38, 2077) have been repeated. These authors located the main intensity maximum of the band 

at wave-length 25-2 uw, corresponding to frequency 396 cm.-, 
Fic. 2. whilst, with satisfactory consistency, we find wave-lengt 
The Ay, band of hexadeuterobenzene. 25-1 w, corresponding to frequency 398 cm.-". 
21-0 "a ~—/ 19-5 Infra-red Spectra of Benzene and Hexadeuterobenzene Vapour from 
[ 19 The Ay, Fundamental Band of Hexadeuterobenzene. 


The infra-red specta of these substances as vapour were ex- 
amined over the range of wave-length stated. In the spectrum 
of benzene no bands were found within this range. The spec- 
trum of hexadeuterobenzene showed the already known, strong 
band around wave-length 20 yu; but no’other bands were found 
in the region studied. 

The contour of the 20 uw band of hexadeuterobenzene has 
been re-examined, using an absorption tube, 45 cm. long, con- 
taining the vapour at various pressures less than 1 cm. The 
band exhibits a prominent Q-branch, as well as P- and 
R-branches of the usual form, as is shown in Fig. 2. Numerical 
particulars relating to the observed intensity maxima are as given 
in Table I. 

0 The separation of the rotational branches of this band shows 
470 480 490 500 5/0 520 it to be of the parallel type. The PR-separation calculated for a 

Frequency, cm=", parallel band from the atomic masses and molecular geometry 
Length of cell = 45cm. of hexadeuterobenzene is approximately 24 cm.-', and the observed 
Vapour pressure = 0-8 cm. PR-separation confirms the assignment of the band to the only 
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fundamental vibration of the molecule, the vibration A,,, which should produce a parallel band in the infra- 
red spectrum. 


TABLE I, 
The A, Fundamental Band of Hexadeuterobenzene. 
Wave-length, Frequency % Absorption PR-separation Vibration frequency 
Branch. (cm.-), (1 = 45cm.; p = 0-8 cm.). (cm.-). (cm.-). 
P 20-68 484 51 ? 
Q 20-14 496°5 62 25 ¥ 496-5 
19-63 509 56 


The corrected vibration frequency, 496-5 cm.-!, when correlated with the well-established frequency of 
the corresponding vibration of ordinary benzene, 671 cm.-1, gives a much improved agreement with the 
requirements of the product theorem of Teller and Redlich : 


TIA, (CsH,) 671 


The calculated value is derived on the assumption that the forces are strictly harmonic, and, since the usual 


effect of anharmonicity is to reduce the value of the ratio, the agreement between the found and calculated 
ratios can be considered satisfactory. 


Str WiLL1AM RAMSAY AND RALPH FoRSTER LABORATORIES, 
UNIVERSITY COLLEGE, LoNpon, W.C. 1. 
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61. Structure of Benzene. Part XVII. The Raman and Infra-red Sypectra of 
1:.3: 5-T'rideuterobenzene : Description and Analysis. 


By C. R. Battey, J. B. Hate, N. HerzFevp, C. K. Incotp, A. H. Leckie, and H. G, Poote. 


, The Raman spectrum of liquid 1 : 3 : 5-trideuterobenzene has been studied and the frequencies of 33 Raman 
lines determined, 32 of which belong to the molecule s-12C,H,D,;, and one to s-C,48CH,D,. The integrated 
intensities and depolarisation factors of 11 of the stronger lines have been measured. Also the infra-red 
spectrum of 1 : 3 : 5-trideuterobenzene vapour has been examined, from 3 y to 27 w, and the frequencies of 34 
intensity maxima determined. These correspond to 23 vibrational frequencies of the molecule s-'C,H,D,, 
the remaining maxima arising from the resolution into their rotational branches of 5 of the vibration-rotation 
bands. 

These spectra have been completely analysed. The 17 theoretically possible, spectrally active, fundamental 
frequencies have all been observed and identified. All the appearing higher harmonics have been interpreted. 
Their study has yielded a good value for one and an approximate value for another of the 3 spectrally inactive 
fundamental frequencies. Approximate normal co-ordinates are given for the 30 vibrational degrees of freedom 
represented by the 10 non-degenerate and 10 doubly degenerate vibration frequencies. 


A PRELIMINARY report of this investigation has already appeared (Nature, 1937, 189, 880); it contains an 
abridged list of 15 Raman frequencies and 16 infra-red frequencies (less than half the number measured) 
of 1:3: 5-trideuterobenzene, as well as an assignment of fundamental frequencies. Langseth and Lord 
have since published an account of their investigation of the Raman spectrum (Kgl. Danske Vidensk. Selsk., 
1938, 16, 6). Their frequencies and assignment of the Raman-active fundamentals agree generally with 
those of our earlier report, except in the following points. First, their list of frequencies omits two which 
were given in our original list, and assigned, correctly as we believe, as fundamental frequencies. Secondly, 
their list includes five frequencies not in our abridged list, three of which were assigned as fundamental 
frequencies; whereas we shall conclude that one of the three considered to be a fundamental does not exist, 
and that the other frequencies are all combination tones. There is no existing record, except our own brief 
one, of the infra-red spectrum of 1 : 3 : 5-trideuterobenzene. 

Raman Spectrum.—The sample used was that prepared by Best and Wilson from aniline by deuteration 
and subsequent deamination (Part XIII, this vol., p. 239). The spectrum showed it to be very pure. The 
Raman spectrum was measured using quantities of about 6 c.c. of the liquid substance sealed in an ordinary 
Wood’s tube. Before we began using the Crookes glass filter (Part XV, this vol.; p. 247), it was noticed that, 
after many long exposures, just visible traces of a gummy deposit appeared on the tube, though without 
any significant change in the spectrum, which remained the same when the material was redistilled and the 
centre fraction put into a new tube. 

The frequencies now listed were remeasured with the apparatus of high resolving power described by Poole 
(Part XV, this vol., p. 245). Some of them differ by a few wave-numbers from those given in our original 
list, which were obtained with the earlier apparatus described by Angus, Ingold, and Leckie (Part III, J., 
1936, 925); but none of the differences of frequency is of any importance. The integrated intensities and 
depolarisation factors here reported were measured with the old apparatus, and have not been repeated with 
the newer equipment, since precision in these measurements is entirely limited by the considerable errors 
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graph employed. 


are possible. 


Frequency 
(cm.-*), 
372-7 
593-0 
710-2 

753 

833-5 
947 

{ 956-2 

969 

{ 993 

1003-6 


1069 


1092 
1101°8 
1287 
1300 


1392 


1408 
1417 


1545 


1573-1 
1594 
1607 
2206 
2238-3 
2267-4 
2281-9 
2292 
2324 


2973-3 
2999 
3052-7 
3082 
3144°5 


moderately weak, w = weak, ww =‘very weak). 


TABLE I. 


Bailey, Hale, Herzfeld, Ingold, Leckie, and Poole : 
inherent in the photographic comparison of intensities, rather than by the resolving power of the spectro- 


The results are in Table I, the first column of which records the frequencies. They are all mean’ values 
derived from a considerable number of plates, and where possible from different excitation frequencies. Where 
a decimal is quoted the error is believed to be less than 1 cm.-!; in other cases errors of a few wave-numbers 
The braces indicate groups of overlapping lines. The second column contains a qualitative 
estimate of intensity on an arbitrary scale (s = strong, ms = moderately strong, m = moderate, mw = 
We compared the integrated intensities of a number of 
lines microphotometrically, and the results of the more satisfactory measurements are given in parenthesis 
in the second column, the value 10 being arbitrarily assigned to the strongest line. 
to a considerable error which is very difficult to estimate. 
factors of those lines which were sufficiently intense to permit this determination. These values are also 
rather rough : we think that the smallest depolarisation factors may be in error by 20% of their value, and 


These figures are liable 


The third column contains the depolarisation 


Raman Spectrum of 1:3: 5-Trideuterobenzene, and Assignment. 


Depolarisation 
Intensity. factor. Assignment. 
— Fundamental 
0-88 Fundamental 
0-81 Fundamental 
— 2 x 372-7 = 745-4 
0-80 Fundamental 
— Fundamental 
0-15 Fundamental 
_ 372-7 + 593-0 = 965-7 
12C1*CH,D, 
0-15 Fundamental 
691 + 373 = 1064 
2 x 533 = 1066 
372-7 + 710-2 = 1082-9 
Fundamental 
373 + 915 = 1288 
593-0 + 710-2 = 1303-2 
2 x 691 = 1382 
691 + 710 = 1401 
Fundamental 
2 x 710-2 = 1420-4 
(= + 833-5 = 1543-7 
593-0 + 956-2 = 1549-2 
Fundamental 
593-0 + 1003-6 = 1596-6 
691 + 915 = 1606 
2 x 1101-8 = 2203-6 
833 + 1407 = 2240 
691 + 1573 = 2264 
Fundamental 
Fundamental 
915 + 1407 = 2322 
920 * + 1407 = 2327 
1407 + 1573 = 2980 
710 + 2292 = 3002 
Fundamental 
mw Fundamental 
m 2 x 1573-1 = 3146-2 


Be 4°44 


w 
w 
w 
w 
m 


B 


Symmetry Symmetry of 
class. components. 


* Inactive fundamental frequency of the A,’ symmetry class (cf. p. 270). 


the largest factors by 10%. The remaining columns of the table record our assignment of the frequencies, 
either as fundamental frequencies or overtones or combination tones, the symmetry classes to which the 
fundamentals and higher harmonics belong, and the symmetry classes of the fundamentals from which the 
higher harmonics are composed. The reasons underlying the assignment, and further details with respect 
to the forms of the fundamental vibrations, are given later. A general diagram of the spectrum is given in 
Fig. 2 (p. 258) and a photographic record of one particular region in Fig. 3 (p. 267). 

Infra-red Spectrum.—The same sample of 1: 3: 5-trideuterobenzene was used for these measurements. 
It was examined in the form of vapour only. Various pressures between 1 cm. and 7 cm. were employed 
in an absorption tube 45 cm. long; but the main surveys were carried out at a pressure of 5 cm. 

For the region 3 p to 20 » the apparatus and general method were those employed by Bailey, Hale, Ingold, 
and Thompson (Part IV, J., 1936, 931). Later, indeed subsequently to our preliminary note, the exploration 
of the long-wave portion of the spectrum was extended to 27 y with the aid of modified apparatus (Bailey, 
Carson, and Ingold, Part XVI, this vol., p. 252); but only one additional band, a very weak one, evidently 
“ a difference tone, was here found. A map of the spectrum on a frequency scale is given in Fig. 1. 
a mean curve, derived from a number of general surveys as well as many detailed tracings of particular bands. 

The wave-lengths and frequencies of the absorption maxima are given in the first two columns of Table II. 
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AY E E’ E’ 
520 676-704 3 903 
80+ & 824 842 903 928 Pressure =5:0cm 1407 
2 
40-2 Limit of 
3 observations 1233 
463 1490 
300 400 500 Zz 700 800 900 1000 1100 1200 1300 7400 
xy Zz xy xy 
Frequency,cm-*. 


(u). (cm.-), 
21-60 463 
19-23 520 
18°75 533 
18-34 545 
16-90 592 
14-76 678 
14-47 691 
14-20 704 
12-14 824 
12-01 833 
11-88 842 
11-07 903 
10-93 915 
10-78 928 
9-393 1065 
9-092 1100 
8-110 1233 
7-104 1407 
6-712 1490 
6386 1566 
6-328 1580 
6°155 1625 
6-129 1632 
6-104 1638 
5-713 1750 
5-450 1835 
5-167 1935 
5-001 2000 
4-717 2120 
4-459 2242 
4-363 2292 
4-234 2362 
3-953 2530 
3-240 3087 


1632 


1750 
1835 
1935 
2000 


2120 
2242 
2292 
2362 
2530 
3087 
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II. 
Infra-red Spectrum of 1: 3: 5-Trideuterobenzene, and Assignment. 
Wavelength Frequency Qo or — 


{ 


{ 


' 
1835 
$ 
\ 
40+ 1632 
1566 1580 pom 
1500 1600 1700 1800 1900 Change of scale 2200 2400 2600 2800 3000 .. 3200 
Frequency,cm-*, xy Frequency, 


Symmetry Symmetry of 
class. 


Assignment. 
1004 — 533 = 471 A,” Ay’, A,” 
834 — 373 = 461 Ay” = 
Fundamental A,” — 
Fundamental E’ — 
Fundamental A,” 
Fundamental E’ —_ 

_ Fundamental A,” 
691 + 373 = 1064 E’ 
Fundamental E’ — 
533 + 710 = 1243 E’ A,”, BY 
Fundamental 
956 + 533 = 1489 A,” Ay’, A,” 
Fundamental E’ 
915 + 710 = 1625 E’ A,”, B” 
691 + 947 = 1638 E’ A,”, E” 
920 * + 833 = 1753 E’ Ay’, EB’ 
100 + 833 = 1837 E’ A,’, E’ 
833 + 1102 = 1935 E’ E’, E’ 
593 + 1407 = 2000 E’ E’, E’ 
1407 + 710 = 2117 A,” E’,.a” 
833 + 1407 = 2240. E E’, E’ 
Fundamental E’ 
956 + 1407 = 2363 E’ Ay’, B’ 
956 + 1573 = 2529 E’ 
Fundamental E’ 


* Inactive fundamental frequency of the A,’ symmetry class (cf. p. 270). 
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The possible error in the frequency measurement is about 1 cm.-? at the lower end of the frequency range 
and about 5 cm.-! at the upper end. Since some of the intensity maxima are evidently due to the rotational 
structures of bands, each dependent on a single vibration, the corresponding vibration frequencies are separ- 
ately noted in the third column. For bands whose structures have been resolved into P, Q, and R branches, 
the frequency of the absorption maximum of the Q branch is the vibration frequency. For one band we 
find only P and R branches, the Q branch having apparently been missed, due perhaps to the use of too wide 
a spectrometer slit; in this case we take the mean of the frequencies of the P and R maxima as the vibration 
frequency. For unresolved bands the vibration frequency is taken as that of the single intensity maximum. 
In the fourth column of the table we note, where possible, the frequency separation of the P and R absorption 
maxima, since this is a useful guide to the classification of the relevant vibration frequencies. The next 
column contains, as an indication of intensity, the percentage of light absorbed, at the wave-lengths of the 
absorption maxima, by 45 cm. of vapour at 5 cm. pressure. The remaining three columns contain our assign- 
ment of the fundamental frequencies and combination tones, the symmetry classes to which they belong, 
and the symmetry classes of the fundamentals composing the higher harmonics. 

A diagrammatic comparison of this spectrum with the Raman spectrum is given in Fig. 2. Since the 
selection rules for 1 : 3 : 5-trideuterobenzene allow certain frequencies to appear in both the infra-red and the 
Raman spectrum, a comparison between the measured frequencies of those vibrations which show such a 
double appearance provides a useful indication of accuracy. The frequencies of all the seven fundamental 


Fic. 2. 


Ay 


~s— 


Raman 


Infra-red 
Diagrammatic comparison of Raman and infra-red spectra of 1:3: 5-trideuterobenzene. 


vibrations which are thus allowed to appear doubly have been measured in both spectra. For six of them 
the deviations range from 0 to 2 cm.-1. The seventh is at the top of the frequency range, and the difference 
is 5 cm.-!, which is about the observational error in this region of the infra-red spectrum. (Also it happens 
that in this case the Raman frequency is a difficult one to measure accurately.) A comparison of the doubly 
appearing fundamental frequencies is given in Table III, together with the values which, in calculations, we 
have adopted for these frequencies—having taken account of the relative accuracies of the individual Raman 
and infra-red frequency measurements, which naturally depend on various factors, including intensity and the 
near presence of other active frequencies. 


III. 
Doubly appearing Fundamental Frequencies. 
833-5 1101-8 1408 1573-1 2292 3082 
592 833 1100 1407 1573 2292 3087 
Adopted value ............... 593-0 833-5 1101-8 1407 1573-1 2292 3084 


Discussion OF ASSIGNMENT. 


The Raman and infra-red spectra of 1 : 3: 5-trideuterobenzene are compared diagrammatically in Fig. 2. 
The leading lines correspond to the assignment of fundamental frequencies already given in Tables I and II. 
We shall discuss the assignment of all the fundamental frequencies, but overtones and combination tones 
will be considered individually only in so far as their assignment involves special considerations. 

It has been shown (Part XI, Table VIII, this vol., p. 228) that the 30 vibrational degrees of freedom of 
the 1: 3: 5-trideuterobenzene molecule consist of 10 non-degenerate and 10 doubly degenerate fundamental 
vibrations, and that the 20 distinct vibrational frequencies are divided between 5 symmetry classes, charac- 
terised by the spectral activity shown below : 
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No. of frequencies 3 3 7 


Here R means allowed in the Raman spectrum, and J allowed in the infra-red spectrum. The abbreviations 
in parenthesis indicate whether the Raman fundamental frequencies should appear as “ polarised ”’ or “ de- 
polarised ’’ lines, and whether the fundamental bands of the infra-red spectrum should be of the “ parallel ”’ 
or of the “ perpendicular”’ type. It is seen that 17 of the fundamental frequencies are allowed either in the 
Raman or in the infra-red spectrum, 7 being allowed in both. The Raman spectrum should contain 14 
fundamental frequencies, and the infra-red spectrum 10. Three fundamental frequencies are forbidden in 
both spectra. 

We consider below first the 17 active fundamental frequencies of the A,’, A,’’, E’, and E” classes, then 
the active higher harmonics, and finally the 3 inactive fundamental frequencies of the A,’ class. 

The A,’ Fundamental Frequencies—The four fundamental vibrations of the A,’ symmetry class, being 
totally symmetrical with respect to the D,, model, record themselves in the Raman spectrum only, and are 
characterised by the high intensity and considerable polarisation of their Raman lines. Actually, the four 
strongest lines in the Raman spectrum are considerably polarised, and they are the only strongly polarised 
lines amongst the eleven which were examined with respect to polarisation. Their frequencies (in cm.~) 
and depolarisation factors (in parenthesis) are as follows : 


956-2 (0-15) 1003-6 (0-15) 2281-9 (0-45) 3052-7 (0-45) 


Only two other Raman lines are known to have depolarisation factors which can either possibly or certainly 


be considered to fall below the value 0-86, characteristic of depolarised Raman frequencies, by amounts 
exceeding the error of measurement : 


2238-3 (0-77) 2973-3 (0-69) 


These lines are very much weaker and their polarisation is slight—in one case sufficiently slight to be some- 
what doubtful. They can readily be understood as combination tones (see below). 

The four A,’ fundamental vibrations of the D,, model of 1 : 3 : 5-trideuterobenzene may be considered to 
be composed by orthogonal linear combination from vibrations of the form of those of the A,, and B,,, classes 
of the D., model of benzene or hexadeuterobenzene (Part XI, Table V, this vol., p. 227). Each of these Dg, 
symmetry classes contains two vibrations, and in each class one vibration is a so-called ‘“‘ carbon vibration,” 
in which each carbon atom carries its hydrogen atom with it, the whole CH-group moving practically as a 
unit, whilst the other is a so-called “‘ hydrogen vibration,” in which the two atoms of each CH-group move in 
opposite directions about a nearly stationary centre of gravity, most of the motion being in the hydrogen 
atom because of its relative lightness. In principle, therefore, we have to consider the combinations of two 
carbon and two hydrogen vibrations. On account, however, of the relative lightness of the hydrogen atoms, 
there is very little interaction between the hydrogen and the carbon vibrations. Thus we can consider the 
interaction of the two carbon, and of the two hydrogen, vibrations separately. 

We deal first with the carbon vibrations. Because the moving unit is essentially the CH-group, their 
frequencies are not expected to be greatly altered by deuterium substitution. The A,, carbon vibration of 
the Dg, benzene model (totally symmetrical contraction and expansion of the ring) is known from the Raman 
spectra to have the frequency 991-6 cm.-! in benzene and 943-2 cm.-! in hexadeuterobenzene. The B,,, carbon 
vibration of the D,, model is inactive both in the Raman and the infra-red spectra : but Kohlrausch first per- 
ceived that its frequency must lie in the neighbourhood of 1000 cm.-", i.e., close to the A,, carbon frequency 
(Z. physikal. Chem., 1935, 30, B, 305; Naturwiss., 1935, 28, 624). His ‘argument was based on the observation 
that all symmetrical trisubstituted derivatives of benzene have a strong, polarised Raman line in this region. 
Ingold supplemented this argument by pointing out, for instance, that mono-, 1 : 3: 5-tri-, and penta-deutero- 
benzene have two strong, polarised Raman lines in the region 950—1000 cm.-, whilst 1 : 4-di- and 1:2: 4: 5- 
tetra-deuterobenzene, like benzene and hexadeuterobenzene, exhibit only one, as the selection rules require, 
assuming Kohlrausch to be correct (Z. Elektrochem., 1938, 44, 30). In Part XXI, we shall conclude that the 
inactive B,,; carbon vibration in benzene has the frequency 1010 cm.-, and in hexadeuterobenzene the 
frequency 963 cm.-. 

The fact that the two frequencies 956-2 cm.-! and 1003-6 cm.-! of 1 : 3: 5-trideuterobenzene appear in the 
Raman spectrum with intensities of the same order of magnitude, whilst the parent A 19 and B,,, carbon vibrations 
of the benzenes of Dg, symmetry are respectively very strong and completely inactive, shows at once that the 
mutual interaction, which is forbidden under D,, symmetry but permitted by D,, symmetry, has in the 
trideuterobenzene profoundly modified the parent vibration forms. The frequencies confirm this, since, instead 
of being separated by only 18—20 cm.-', as are the A ,, and B,,, carbon frequencies of benzene, and likewise those 
of hexadeuterobenzene, they are 47-4 cm.-! apart : such a widening of that frequency difference which would 
be expected in the absence of dynamical interaction is a characteristic result of mechanical resonance. A 
“molecule ’’ C.X, of D,, symmetry, in which X is a “ hydrogen isotope ’’ of atomic weight 3/2, would have the 
two frequencies close to 967 and 986 cm.-, instead of 956-2 and 1003-6 cm.-!, as we find in C,H,;D,;. The 


frequency ratio is 1-05, which is sufficiently close to 14/13 = 1-04 to show that interaction has resulted 
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in a large degree of separation of the normal] vibrations into a trigonal ‘‘ breathing ’’ vibration of the CD-groups 
only, the CH-groups remaining nearly stationary, and a similar ‘“‘ breathing” vibration of the CH-groups 
only with the CD-groups nearly stationary. Thus as an approximation we may represent these normal 
co-ordinates by the simple vector diagrams (I) and (II) below. They are combinations of the type 4,,+B,, 
of the relevant D,, vibration forms. 

These conclusions agree with those which Langseth and Lord have derived (loc. cit.) from an approximate 
calculation based on Wilson’s simplified potential system. They deduce for the ratio of the intensity of the 
higher to that of the lower frequency the value 0-67, and for the depolarisation factors of the lower and higher 
frequencies 0-10 and 0-09 respectively : we find experimentally 0-4 for the intensity ratio and 0-15 for both 
depolarisation factors. A microphotometer record showing the two Raman lines is reproduced in Fig. 3 (p. 267). 

Frequencies essentially dependent on the stretching of benzenoid C-D and C-H bonds are always in the 
region of 2280 cm.-! and 3050 cm.- respectively, and, since these values are more or less independent of the 
nature of the remainder of the molecule, they may be regarded as characteristic of the stretching of uncoupled 
C-D and C-H units. The two higher, intense and strongly polarised, Raman frequencies of 1: 3: 5-tri- 
deuterobenzene, 2281-9 cm.-1 and 3052-7 cm.-', obviously represent a practically pure deuterium stretching 
vibration with stationary protium atoms, and an equally pure protium stretching vibration with stationary 

_ deuterium atoms. Since each must be totally symmetrical with respect to D,, symmetry, they must have 
the vibration forms represented by (III) and (IV) below. There will, of course, be small opposing motions 
in the carbon atoms to which the moving deuterium or protium atoms are attached. The small figures 
associated with representative vectors in diagrams (I)—(IV) denote the relative amplitudes within each vibra- 
tion, as they emerge in the approximation to which we are working. They correspond to a theoretical frequency 
ratio of +/13/7 = 1-36, whilst the observed ratio is 3052-7/2281-9 = 1-34. The deviation is hardly greater 
than such as might be ascribed to anharmonicity effects. . Diagrams (III) and (IV), like (I) and (II), represent 

orthogonal combinations, A jy+B,,, of the relevant D., vibration forms. 


(I; 956-2 cm-?.) (II; 1003-6 (III; 2281-9 cm-*) (IV; 3052-7. cm.-?.) 


We should expect the dynamical interaction allowed under D,, symmetry to transform the parent A,, | 
and B,,, hydrogen vibrations of the D,, benzene model in this manner. The uncoupled stretching frequencies 
of C-D and C-H groups are widely different from each other; and thus the available coupling mechanism 
through intermediate heavier atoms is too weak to set up normal modes in which the two kinds of hydrogen 
atoms, in stretching motions of comparable amplitude, are forced into a common frequency. Therefore the 
main result of the coupling is only to maintain the proper phase relation between the moving deuterium 
atoms in one normal mode, and between the moving protium atoms in the other. 

Langseth and Lord calculate the intensity ratio of the lines at 2281-9 and 3052-7 cm.-* as about unity. 
If we make the (possibly somewhat drastic) simplification of neglecting the effect on intensity of the small 
carbon motions, then the intensities of these two lines should be proportional to their frequencies. The frequency 
ratio is 1-34, whereas we make the measured intensity ratio about 1-4. Langseth and Lord’s simplified force- 
field calculation leads to computed depolarisation factors of 0-34 and 0-40 for the frequencies 2281-9 and 
3052-7 cm.-' respectively. Our determinations give for both frequencies the depolarisation factor 0-45. 

It will be obvious why neither of the other two polarised, or possibly polarised, Raman frequencies, 2238-0 
and 2973-3 cm.-', can be accepted as a deuterium or protium stretching frequency of the A,’ symmetry 
class. For, first, these frequencies are outside the narrow spectral regions in which deuterium and protium 
stretching frequencies always appear; and secondly, if either should be accepted as a fundamental frequency, 
it would involve the rejection from the list of fundamental frequencies of one of the much stronger and more 
gama frequencies 2281-9 and 3052-7 cm.-1, and the rejected frequency would then be impossible 
to explain. 

The A,'' Fundamental Frequencies—The three fundamental vibrations of this class retain the trigonal 
symmetry of the model, but involve motions of the atoms perpendicular to the plane of the ring. The corre- 
sponding frequencies can be recorded in the infra-red spectrum only, where they must produce bands of the 
“parallel’’ type. Judging from the known out-of-plane frequencies of benzene and hexadeuterobenzene, 
the A,” frequencies of trideuterobenzene should lie in the spectral region 350—1000 cm.-*. 

In the infra-red spectrum of 1 : 3 : 5-trideuterobenzene there are three bands having the contours charac- 
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teristic of parallel bands. Their Q-branch frequencies (in cm.-'), and the separations (in cm.-*) of the intensity 
maxima of their P- and R-branches, are as follows: (The theoretical PR-separation for a parallel band is about 
25 cm.-}.) 

533 (P-R 25) 691 (P—-R 26) 915 (P-R 25) 


They are strong—far too strong to be difference tones—and they cannot be explained as summation tones : 
they must therefore be fundamental frequencies. And since no fundamental frequencies, except those of the 
A,’ class, can give parallel bands, their assignment to this class is unequivocal. Consistently, the same 
frequencies do not appear in the Raman spectrum, and they are in the correct spectral region. None of the 
other bands in the infra-red spectrum, which have been resolved with respect to their rotational branches, 
has a parallel structure. 

The three fundamental vibrations of the A,” class of the D,, model of 1 : 3 : 5-trideuterobenzene may be 
regarded as compounded from vibrations of the forms of those of the A,, and B,, symmetry classes of the 
Dg, benzene model (Part XI, Table V, this vol., p. 227). The A,, class contains only one vibration, which 
is a “ hydrogen vibration ” of six-fold symmetry, active in the infra-red spectrum. All the hydrogen atoms 
move in phase along lines parallel to the six-fold axis, the carbon atoms undergoing only a small antiparallel 
motion of such amplitude as to maintain a stationary centre of gravity. The B,, class contains a “ carbon 
vibration ” and a “‘ hydrogen vibration,” each of trigonal symmetry. They are spectrally inactive. In both, 
all the atoms move on lines parallel to the six-fold axis, but adjacent carbon atoms, and likewise adjacent 
hydrogen atoms, remain always in opposite phase. The carbon vibration is defined as that in which the 
atoms of each CH-group move in phase; in the hydrogen vibration they move in opposite phase. 

Before considering the nature of that dynamical interaction between these three vibrations which becomes 
permitted when the symmetry of the model is reduced to that of 1 : 3 : 5-trideuterobenzene, it is advantageous 
to note the special geometrical and dynamical conditions which obtain within the B,, class of benzene itself. 
Owing to the geometry and valency structure of the molecule, the “‘ carbon ” and “‘ hydrogen” vibrations of 
this symmetry class have not all the characteristics which the names might indicate, and which are indeed 
found in the carbon and hydrogen vibrations of most other symmetry classes. We may instance the already 
discussed A ,, and B,,, classes of benzene. In each of these classes the ratio of the carbon and hydrogen ampli- 
tudes in the carbon vibration is approximately 1:1 (it is the same for hexadeuterobenzene); whilst in the 
hydrogen vibration it is approximately 1/12: 1 (1/6: 1 for hexadeuterobenzene). Relatively to this situ- 
ation, there are in the B,, class considerable transfers of hydrogen motion to the carbon vibration, and of carbon 
motion to the hydrogen vibration. To take a simplified illustration, let us suppose that the carbon vibration 
involves deformation only of the C-C-C valency angles, and not at all of the C-C-H valency angles—in other 
words, that every group C-(CH)-C preserves a plane for every value of the normal co-ordinate. Then the 
ratio of the carbon and hydrogen amplitudes would be, not about 1:1, but about 1/4: 1 (and the same for 
hexadeuterobenzene). This follows by considering what would happen if we should bend equally, but altern- 
ately up and down, those six parts of a horizontal model of the molecule which lie outside the hexagon formed 
by joining the mid-points of the C-C bonds: the movement of each carbon atom would then force upon the 
corresponding hydrogen atom a movement of greater amplitude in the ratio {(CC) + 4(CH)}/(CC) = 4-11, 
where (CC) and (CH) represent the lengths of the C-C and C-H bonds. Actually the C-C-H valency angles 
will be deformed to some extent, but the valency structure will certainly produce an approach towards the 
situation described, in which a high proportion of the kinetic energy of motion in what we have called a 
“carbon vibration ’’ is contributed by the hydrogen atoms. Naturally, the redistribution of kinetic energy 
between the two vibrations must be reciprocal, and consequently the so-called “‘ hydrogen vibration ”’ will 
contain a similarly high proportion of carbon motion. In fact the orthogonality condition requires that, if 
the ratio of the carbon and hydrogen amplitudes in the ‘“‘ carbon vibrations ”’ were as stated above, the corre- 
sponding ratio for the ‘‘ hydrogen vibration” would be, not about 1/12: 1 (or 1/6: 1 in hexadeuterobenzene), 
but about 1/3:1 (or 2/3: 1 in hexadeuterobenzene). We find these conclusions well confirmed by the 
frequencies, which are determined in Part XXI: from the frequency shifts between benzene and hexadeutero- 
benzene it is clear that the carbon and hydrogen atoms contribute not far from equally to the kinetic energy 
in each of the vibrations. The fundamental distinction remains, of course, that in the carbon vibration the 
atoms of each CH-group move in parallel, whereas in the hydrogen vibration their movement is antiparallel. 

Following up these considerations, it is possible, even without a knowledge of the potential field, to develop 
an approximate picture of the vibration forms which supervene when, in 1 : 3: 5-trideuterobenzene, these 
initially assumed B,, vibration forms are further changed by interaction with an initial third form corre- 
sponding to the A,, vibration of the D,, model. In the last-named vibration form nearly all the motion is 
in the hydrogen atoms. Realising that, in vibrations which preserve the trigonal symmetry of 1 : 3: 5-tri- 
deuterobenzene, the somewhat weak coupling, through intermediate heavier atoms, of the individual hydrogen 
atomic motions will tend to decompose the total hydrogen vibrations of the symmetry class into trigonally 
symmetrical vibrations of the separate protium and deuterium point-sets, and realising, furthermore, that 
this decomposition can be simply effected by sum-and-difference combination between the A,, vibration form 
and a B,,-derived vibration which is equally rich in hydrogen motion, it is evident that we may envisage, as the 
first step in the process of interaction, the passing over of hydrogen kinetic energy mainly into one of the 
two B,, vibration forms, between which at the outset it was approximately equally divided. The first step 
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will produce a vibration, rich in carbon motion, which will survive as one of the final A,’’ forms given by this 
approximation. It will also give a vibration, rich in hydrogen motion, which will not survive but, after com- 
bination with the A,,, form, will yield the two remaining A,” vibrations. 

There are two ways in which the first step might be accomplished; for the hydrogen motion might be 
concentrated in the B,, carbon vibration, defined as having parallel motions within each CH-group, or it 
might be concentrated in the B,, hydrogen vibration, characterised by antiparallel motions in each CH-group. 
The ambiguity cannot be settled theoretically except by calculations based on an assumed force-field; but 
the observed frequencies make it clear that the hydrogen motion concentrates in the B,, carbon vibration. 
We compare below the observed E” frequencies of 1: 3: 5-trideuterobenzene with the mean values of the 
By, and A, frequencies of benzene and hexadeuterobenzene—with frequencies, that is to say, which must be 
very close to those of an imaginary molecule of C,X, of D,, symmetry, in which X represents a ‘‘ hydrogen 
isotope ’’ of mass 3/2 (frequencies are in cm.) : 


C,H,. C.Dg. C,X,.”” A,” of C,H;D3. 
Byg carbon 703 601 652 691 
Bog 985 827 906 915 
671 497 584 533 


The experimental basis for the values of the inactive B,, frequencies of benzene and hexadeuterobenzene 
is given in Part XXI. They are the result of such dynamical interaction as is imposed by the force field, 
and permitted in the B,, symmetry class, in a molecule of D,, symmetry. But when, in the D,, molecule, 
interaction with the A,,, vibration form becomes allowed, we observe the normal results of mechanical reson- 
ance. Considering the described two stages of the transformation of the vibrations when the “‘ molecule” 
C,X, is converted, by a redistribution of the hydrogen masses, into 1: 3 : 5-C,H,D, with reduction of sym- 
metry, we observe that a first effect of the kinetic energy exchange between the two B,, vibration forms is 
to raise the upper frequency, 906 cm.-!, to the observed 915 cm.-, a frequency preserved as one of the final 
A,"’ frequencies. Hence we expect the lower frequency, 652 cm.-1, to be reduced, as a result of this first step 
of interaction, by a rouglily similar amount, i.e., to 643 cm. This will be the vibration form in which the 
ratio of the carbon and hydrogen amplitudes is the same as in the A,, form; and, in the interaction between 
these two, which produces the isomorphous vibrations of the protium and deuterium point-sets, we find the 
upper frequency, estimated as about 643 cm.-1, raised by 48 cm.-! to the observed 691 cm.-!, whilst the lower 
frequency, 584 cm.-1, is reduced, as it should be, by a roughly similar amount, viz., by 51 cm.-", to the observed 
533 cm.-}, 

We may symbolise the result of the interaction A»,+B,,(C*) (for 533 and 691 cm.-) and B,,(H”) (for 915 
cm.-1), where the cross indicates the exchange of hydrogen and carbon kinetic energy in the first stage of 
interaction. Graphically the result is expressed by the vector diagrams (V), (VI), and (VII), in which the 


(V; 533 (VI; 691 (VII; 915 cm-+.) 


symbols + and © signify vectors perpendicular to the plane of the paper, and the small figures associated 
with representative atoms denote amplitudes, relative within each diagram, to the degree of approximation 
to which we are working. They are determined by the orthogonality principle, and the necessity to preserve 
the vibrations from including any translatory motion of the molecule as a whole. 

It is clear from the diagrams that the lower two frequencies depend primarily on isomorphous motions 
of the separate deuterium and protium point sets; and it is satisfactory that the ratio of these frequencies, 
691/533 = 1-30, is as close as it is to the theoretical value V/ 13/7 = 1-36. Some part of the difference, per- 
haps as much as a third of it, might be ascribed to the effect of anharmonicity. The remainder means that in 
reality there must be somewhat more carbon motion in these vibrations than our diagrams (V) and (VI) 
represent, whilst the carbon amplitudes in the remaining vibration must be slightly smaller than those shown 
in diagram (VII). 

If we should assume the preliminary concentration of hydrogen motion to be directed into the B,, hydrogen 
vibration form of the D, benzene model, and of the carbon motion into the B,, carbon vibration form, the 
finally resulting A,’’ vibration forms of the D,, molecule, which may be symbolised A,,+B,,(H*~”), and 
B,,(C*~), would become modified. The vector diagrams of the first two would not be very different from 
those of diagrams (V) and (VI): the essential difference would be that the small carbon motions would be 
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found in the three carbon atoms which diagrams (V) and (VI) represent as stationary. However, the remain- 
ing vibration form would differ radically from that of diagram (VII), inasmuch as the motions within each 
CH-group would be parallel, not anti-parallel. On trying to fit this alternative scheme to the observed A,” 
frequencies, we meet with the following difficulty. The frequency of the vibration B,(C*~) ought not to lie 
far from 652 cm.-'—not lower than 601 cm.-', nor higher than 703 cm. The obvious frequency to allocate 
to this vibration is the observed 691 cm.-!. We are then left with frequencies 533 cm.-' and 915 cm. for 
assignment to the isomorphous deuterium and protium vibrations A,,+B,,(H*~”). But the ratio of these 
numbers, 915/533, is greater than +/2, and the whole assignment is therefore unacceptable. 

The E’ Fundamental Frequencies.—The seven frequencies of this class belong to doubly degenerate vibra- 
tions involving atomic motions which lie in the plane of the ring but do not possess its trigonal symmetry. 
They are active in the Raman spectrum, where they must give depolarised lines; and they are also active 
in the infra-red spectrum, where they must yield bands of the perpendicular type. These frequencies can 
be picked out practically at once as frequency coincidences in the two spectra (see Fig. 2), and in some cases 
they can be checked as to Raman polarisation and infra-red band-type. They are listed below in cm.-*. 
The first of the figures in the parentheses under each frequency is the measured Raman depolarisation factor 
(theoretical value for a depolarised line, 0-86), whilst the second figure is the infra-red PR-separation in cm.-* 


(theoretical approximate value for a perpendicular band, 16 cm.-1); a dash means that no measurement 
could be made : 


593-0 833-5 1101-8 1407 1573-1 2292 3084 
(0-88, —) (0-80, 18) (0-86, —) (—, —) (0-92, 14) —, —) —, —) 


Actually there are two other coinciding frequencies, but they can be interpreted as combination tones, and it 
will shorten description to defer explaining why neither can be accepted as a fundamental, in place of any 
of those just listed, until after the latter have been discussed. 

The vibrations of the E’ class of the D,, model of trideuterobenzene are to be regarded as formed by com- 
bination of those of the E,* and E,~ classes of the Dg, benzene model (Part XI, Table V, this vol., p. 227). 
The E,* class contains four doubly degenerate vibrations, active in the Raman spectrum only. Their normal 
co-ordinates cannot be precisely determined by symmetry considerations only, but it was shown in Part VIII 
(J., 1936, 971) that they separate rather accurately into a carbon bending, a carbon stretching, a hydrogen 
bending and a hydrogen stretching, vibration (cf. Part XI, Fig. 1, this vol., p. 231). The E,* class contains 
three doubly degenerate vibrations, active in the infra-red spectrum only. Their vibration forms are not 
fully determined by symmetry, but it was shown in Part VIII (loc. cit.) that they split up fairly well into a 
carbon ‘‘ deformation ” vibration (as we shall call it, since it involves both bending and stretching of the 
CC-valencies), a hydrogen bending vibration, and a hydrogen stretching vibration (cf. Part XI, Fig. 1, loc. 
cit.). There is a small, but appreciable, exchange of character between the carbon deformation and hydrogen 
bending vibrations. 

The three carbon frequencies are easily dealt with, for in their vibrations the moving unit is essentially 
the CH- or CD-group; wherefore the frequencies are not much shifted by deuterium substitution. For the 
same reason the spectral activity of the vibrations, and their vibration forms, are but little altered. Thus 
the carbon bending frequency, which is found in the Raman spectrum only of benzene at 605-6 cm.-", and in 
the Raman spectrum only of hexadeuterobenzene at 577-4 cm.-!, appears at 593-0 cm.-! (practically the mean 
of the other two frequencies), strongly in the Raman spectrum and feebly in the infra-red spectrum of 1 : 3 : 5- 
trideuterobenzene. Similarly the carbon stretching frequency, which appears in the Raman spectrum only 
of benzene at 1596 cm. (although split into a doublet by resonance with a combination tone), and in the 
Raman spectrum only of hexadeuterobenzene at 1551-5 cm.-', is found at 1573-1 cm.-* in trideuterobenzene ; 
and it is represented by a strong line in the Raman spectrum and a weak band in the infra-red spectrum of 
the compound. The carbon deformation frequency is active only in the infra-red spectrum of benzene, where 
it is found at 1485 cm.-!, and only in the infra-red spectrum of hexadeuterobenzene, where it is found at 1333 
cm.-!; and, consistently, it appears strongly in the infra-red spectrum of trideuterobenzene, and weakly in 
the Raman spectrum, at 1407 cm.-1, again almost exactly the mean of the other two frequencies. The normal 
co-ordinates of these three doubly degenerate vibrations are shown in diagrams (VIII), (IX), and (X). The 
indicated amplitudes are determined by the preservation of orthogonality and the necessity to avoid including 
any translatory motion of the whole molecule in any of the vibrations. 

The situation respecting the hydrogen bending vibration is determined essentially by the relatively weak 
coupling of the individual motions of the hydrogen atoms. Considering first the two benzenes of D,, sym- 
metry, we note that in benzene itself the E,* hydrogen bending frequency occurs in the Raman spectrum 
only at 1178-0 cm.-!, and the E,~ hydrogen bending frequency in the infra-red spectrum only at 1037 cm.-'. 
In hexadeuterobenzene the corresponding frequencies occur in corresponding spectra at 867-3 cm.-* and at 
813 cm.-! respectively. The weak coupling determines that these two doubly degenerate vibrations interact 
in the E’ class of vibrations of the D3, molecule of trideuterobenzene, with double decomposition into a nearly 
pure, doubly degenerate, deuterium bending vibration, the frequency of which is found in about the expected 
place at 833-5 cm.-1, and a nearly pure, doubly degenerate, protium bending vibration, having a frequency 
which we also find in about the expected position at 1101-8 cm.-'. Both the frequencies are moderately 
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intense in both spectra. These combinations are of the simple type E,*+£,". The normal co-ordinates, 
which result from this approximation, are shown in the vector diagrams (XI) and (XII). 

The frequencies may be compared with those to be expected in a D,, ‘‘ molecule” C,X,, in which X is a 
“ hydrogen isotope ” of mass 3/2. These C,X, frequencies we estimate as usual by taking the means of the 
corresponding frequencies of benzene and hexadeuterobenzene (frequencies in cm.) : 


C,H,. cz. E’ of C,H,D,. 
hydrogen (bending) 1178-0 867-3 1023 1101-8 
hydrogen (bending) .................. 1087 813 925 833-5 


The resonance which becomes allowed when C,X, is converted into C,H;D, by a redistribution of the hydrogen 
atomic masses has the normal effect of reducing the lower frequency and raising the higher one by nearly 
equal amounts, in this case by about 80—90 cm.-. 

The ratio of the observed E’ hydrogen bending frequencies is 1101-8/833-5 = 1-32. The theoretical ratio 


for the normal co-ordinates given is *~/13/7 = 1-36. A third or less of the difference could be ascribed to 


(XI; 833-5 (XM; 1101-8 em-1) 
the effect of anharmonicity, but the remainder must mean that there is slightly more carbon motion in the 
vibrations than our simplified scheme shows. Correspondingly there must be slightly less carbon motion 
than we have indicated in one or another of the three carbon vibrations (VIII, IX, and X). 

A similar situation arises amongst the hydrogen stretching vibrations. In benzene itself the E,* hydrogen 
stretching frequency appears in the Raman spectrum only at 3046-8 cm.-!; and the E,~ hydrogen stretching 
frequency in the infra-red spectrum only at 3080 cm.-1. In hexadeuterobenzene the corresponding frequencies 
occur in corresponding spectra at 2264-9 cm! and 2294 cm.. In trideuterobenzene these two doubly 
degenerate vibrations interact with double decomposition into a nearly pure, doubly degenerate, stretching 
vibration of the deuterium atoms only, and a practically isomorphous, doubly degenerate vibration of the 
protium atoms only. Their frequencies are in the expected regions, being found at 2292 cm. and 3084 cm.+. 
They both occur strongly in the infra-red spectrum, and both seem rather weak in the Raman spectrum, though 
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in this spectrum both are overshadowed by the neighbouring very strong hydrogen stretching frequences of 
the A,’ symmetry class. The approximate vibration forms of these doubly degenerate vibrations are shown 
in diagrams (XIII) and (XIV). They require a frequency ratio of ~/13/7 = 1-36. The observed frequency 
ratio, 3084/2292 = 1-35, differs from this only by an amount which is small enough to be attributed to 
anharmonicity. 


The E,* and E,~ frequencies of benzene and hexadeuterobenzene being all known, we can check these 
assignments by means of the product rule. We find 


TIE,*+Ey~(CoH,) _ 605-6 x 1485 x 1596 x 1037 x 1178-0 x 3046-8 x 3080 | , 
TIE (CoHaD,) ~ 593-0 x 1407 x 1573-1 x 8356 x 1101-8 x 2202 x 3084 — 1931 (Harmonic value, 1-960) 


TIE’(CyH,D,) _ 593-0 x 1407 x 1573-1 x 833-5 x 1101-8 x 2292 x 3084 
577-4 x 1333 x 1551-6 X 813 X 867-3 x 2264-9 x 2294 — (Harmonic value, 1-962) 


The two remaining frequencies which we might have taken into consideration initially, since they are 
common to the Raman and infra-red spectra, are 1067+2 cm. and 2240+2cm-!. The acceptance of the 
former as a fundamental frequency in place of 1101-8 cm.-! can be excluded by the product rule, as well as 
on grounds of intensity, particularly in the Raman spectrum, and because the strong Raman frequency 


XIII; 2292 cm-?. XIV; 3084 
1101-8 cm.-! would then be impossible to explain. The acceptance of 2240 cm.-! as a fundamental frequency, 
in place of 2292 cm.-, is excluded by the product rule, and on grounds of intensity in the infra-red spectrum. 
Other arguments in the same direction are that 2240 cm.-* is too low to be taken as a deuterium stretching 
frequency (and it is wrong altogether for any other kind of fundamental frequency), and that it is probably 
polarised in the Raman spectrum (measured depolarisation factor, 0-77). 

The E" Fundamental Frequencies—This symmetry class contains three doubly degenerate vibrations, 
involving out-of-plane movements which do not preserve the trigonal symmetry of the 1: 3: 5-trideutero- 
benzene molecule. The vibration forms may be regarded as derived from those of the E,,* and E,~ symmetry 
classes of the D,, benzene model. The E,* class contains one carbon vibration and one hydrogen vibration, 
whilst the E,~ class contains a single hydrogen vibration. Since the highest out-of-plane frequency of benzene 
is an inactive one of 985 cm.-! (see Part XXI), we may expect the three E” frequencies, to lie below, say, 1000 
cm.!, They should appear, as depolarised lines, in the Raman spectrum only. 

In the Raman spectrum of trideuterobenzene we find three prominent frequencies, other than those already 
assigned as fundamentals, which, as we show in more detail below, can scarcely be regarded otherwise than 
as fundamental frequencies (see Fig. 2). They are: 


372-7 cm.-? 710-2 cm.-* (p, 0°81) 947 cm.-? 


The second of these is depolarised, the measured depolarisation factor being 0-81. The first appears to be 
depolarised, as far as can be judged from its breadth as revealed by the microphotometric contour; but it 
was not quite strong enough, and not sufficiently clear of the halation area around the Rayleigh line, to allow 
of a satisfactory measurement of polarisation. The third is too much overlapped by the neighbouring very 
strong frequency at 956-2 cm. to permit either measurement or unequivocal judgment with respect to its 
polarisation. None of the three frequencies appears in the infra-red spectrum. It follows from these reasons, 
and also by exclusion, that, if the frequencies are indeed fundamental frequencies, they must belong to the 
E” symmetry class. 

The existence in ordinary benzene of an inactive fundamental frequency of about 400 cm.-! was first sug- 
gested by Lord and Andrews, who found that some such assumption seemed needed to give a correct value 
to the statistically calculated entropy of benzene (J. Physical Chem., 1937, 41, 149). They regarded the 
frequency as doubly degenerate, and therefore as belonging to the E,,* symmetry class, the frequencies of all 
other degenerate symmetry classes being known from our earlier work. We confirmed these suggestions by 
implication when we assigned the frequency 372-7 cm.-! of 1: 3: 5-trideuterobenzene as an E”’ fundamental 
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frequency (Nature, 1937, 189, 880), and one of us subsequently gave the argument in greater detail (Z. Elek- 
trochem., 1938, 44, 20). So low a frequency as that to which Lord and Andrews drew attention could onlv 
belong to a carbon vibration. The frequency of a carbon vibration is not expected to be greatly shifted by 
deuterium substitution, provided that, if it were not shifted, it would be not so close to some other funda- 
mental frequency of the same symmetry class that substantial resonance would ensue; and the frequencies 
contemplated are so low that this condition is fulfilled for all the deuterated benzenes. Therefore, even after 
making allowance for the tendency of the geometry and valency structure relatively to increase the hydrogen 
amplitudes (see below), and thus somewhat enlarge the frequency shifts, we should expect the corresponding 
out-of-plane carbon vibrations of all the deuterated benzenes to lie in the region of, say, 350—400 cm.-". This 
granted, there follows from symmetry considerations a definitely diagnostic series of rules for the spectral activity 
of such frequencies in the partly deuterated benzenes. Thus they should be active in the Raman spectra 
of mono-, 1: 3: 5-tri-, and penta-deuterobenzene, but not in the Raman spectra of 1: 4-di- and 1: 2:4: 5- 
tetra-deuterobenzene; and they should be active in the infra-red spectra of all of these benzenes except the 
trideutero-compound. Apart from the fact that the infra-red spectrum of pentadeuterobenzene has not yet 
been examined (Part XI, this vol., p. 223), all these consequences have been verified, and a sufficient propor- 
tion of them had been verified in 1937 to make it certain that the basic assumption of Lord and Andrews 
was sound. Unequivocal confirmation arises in the analysis of the electronic spectra of benzene and hexa- 
deuterobenzene (cf. Part XXI, this vol., p. 316). It may be added that the frequency 372-7 cm. of 1: 3: 5- 
trideuterobenzene can have no satisfactory explanation as a difference tone, and, since it obviously cannot 
be a summation tone, it must be. a fundamental frequency, and therefore, as already noted, one belonging 
to the E” class, in fact, the frequency of the degenerate carbon vibration of that class. 

The frequency 710-2 cm.-! of trideuterobenzene appears too strongly in the Raman spectrum to be a 
difference tone, and it is too low a frequency to be interpreted as a summation tone. Therefore it is a funda- 
mental frequency, evidently that of one of the two degenerate hydrogen vibrations of the E” class. 

The remaining frequency, 947 cm.-!, was the one fundamental frequency which was not included in the 
list of assigned fundamentals given in 1937, because there was then some dubiety about its assignment. Lang- 
seth and Lord (1938, Joc. cit.) found a weak frequency at 815 cm.-! in the Raman spectrum of trideuterobenzene, 
and attempted to complete our assignment of Raman-active fundamental frequencies by taking this as the 
third frequency of the E’”’ class. We have made a careful search for their frequency 815 cm.-!, using exposures 
which bring into the photographs considerably weaker combination tones than any which they record.’ We 
cannot find a frequency of 815 cm.-!, and think it must have arisen in Langseth and Lord’s plates from an 
impurity in the sample of trideuterobenzene employed (possibly 1 : 3-dideuterobenzene). 

The Raman line at 947 cm.-? is not weak: although its intensity is difficult to judge because of the over- 
lapping, it is probably stronger than the lowest fundamental line at 372-7 cm.-1, of the E’”’ symmetry class, 
although not so strong as the remaining line at 710-2 cm.-!, belonging to the same class. The line at 947 cm.-* 
appears, for instance, in the lightly exposed plate from which the microphotometric record of Fig. 3a was 
made. This photograph depicts the region 940—1015 cm.-* of the (Stokes) Raman spectrum excited by Hg 
4046-56 a. The region is, of course, dominated by the two very strong lines of frequencies 956-2 and 1003-6 
cm.-!, which are marked A and B respectively; the line at 947 cm.- is labelled C, and it will be seen that at 
least half its breadth is overlapped by the very strong line at 956-2 cm. There exist also in the region of 
this microphotographic record two lines which we classify as ‘“‘ weak ’’ (not ‘“‘ very weak ’’), but they are quite 
invisible at the exposure employed. In more heavily exposed plates, such as that which yielded the micro- 
photometric record of Fig. 3b, they are visible, and in the photograph they are marked D and E. Line D, 
of frequency 969 cm.-}, is a combination tone of no special interest, but the other line E of frequency 993 cm.-* 
has relevance to the present discussion. 

The frequency 947 cm.-* (C) cannot be interpreted as a combination tone. For a time there was a doubt 
as to whether it was not the frequency of a totally symmetrical vibration of a molecule containing the carbon 
isotope of mass 13, viz., %C,48CH,D,. However, we are of the opinion that it lies too low as to frequency, 
and is too great in intensity, to permit of this explanation. Actually there should be four °C lines, all of 
comparable intensity, which, apart from obscuration by the lines of the C, isomeride, should be capable of 
observation under our conditions. Their frequencies can be approximately estimated in various.ways. Two 
should be nearly coincident with, and therefore wholly obscured under, the strong frequency 956-2 cm.-!; 
one should be almost coincident with, and wholly obscured under, the strong frequency 1003-6 cm-?; and one 
should appear in an otherwise clear part of the spectrum at about 990 cm.-!. This we observe, with about 
the expected intensity, at 993 cm.-!. There can be no doubt as to the identification : the frequency 993 cm.-* 
cannot be explained as a combination tone of the main isomeride, and, as we shall show shortly, it cannot itself 
be accepted in place of 947 cm.-1, as the remaining fundamental frequency of the E’’ symmetry class. 

Confirmation of the choice of the 947 cm.-' frequency comes from an application of the product rule of 
Teller and Redlich. As shown in Part XXI (this vol., p. 320), it follows by analysis of the infra-red spectra 
of 1 : 4-dideuterobenzene and 1 : 2: 4: 5-tetradeuterobenzene (Part XIX, this vol., p. 288), that the products 
of the two E,,* frequencies of benzene and hexadeuterobenzene are as follows : 


= 395,300 cm. ILE,*+(C,D,) = 282,900 cm.-* 
Referring to Table XI of Part XI (this vol., p. 232) for the appropriate product ratios, and to the scale of 
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anharmonicity corrections given in the same paper (p. 233), we can set up the following relations, in which y, 
the third fundamental frequency of the E” class of 1: 3 : 5-trideuterobenzene, is treated as unknown : 


_ 395,300 x 848-9 
TIE”(C,H,D,) ~ 372°7 x 7102 x» 


TIE”(C,H,D,) _ 372-7 x 710-2 x v 
TIE, *E,-(CeDe) 282,900 x 661-7 


== 1-337 = 1-343 


The first equation gives v = 948, the second v = 950 cm.-}. Alternatively we can turn to the evidence 
provided by fluorescence spectra of benzene and hexadeuterobenzene, and by the Raman and infra-red com- 
bination tones of these compounds (Part XXI, this vol., pp. 319, 320), and employ the derived individual values, 
405 and 970 cm.-, of the E,,* frequencies of benzene, and the corresponding frequencies, 352 and 793 cm.-, 
of hexadeuterobenzene. Using these values instead of the above products, we obtain, from the benzene 
frequencies vy = 942, and from the hexadeuterobenzene frequencies vy = 938 cm.-1. Thus there can be no 
doubt that the trideuterobenzene Raman frequency at 947 cm.-! has been correctly chosen as the third E” 
fundamental frequency. 

It remains to consider the normal co-ordinates of the three degenerate E”’ vibrations, which are to be 
built up from vibration forms similar to the two E,,* vibrations, and the single E,~ vibration, of the D,, benzene 
model (Part XI, Table V, this vol., p. 227). 

Just as with the B,, vibrations of benzene, so also with its E,,* vibrations, the geometry and valency struc- 
ture of the molecule secures the inclusion of more than the normal proportion of hydrogen motion in the 
carbon vibration and more than the normal proportion of carbon motion in the hydrogen vibration (cf. p. 261). 
For instance, if in the E,*+ carbon vibration all the bending were in the CC-bonds, and none of it in the CH- 
bonds, in other words, if each group C-(CH)-C always preserved a plane, the hydrogen amplitudes would be 
greater than the carbon amplitudes in the ratio {(CC) + 3(CH)}/(CC) = 3-26, where (CC) and (CH) are the 
lengths of the C-C and C-H bonds. This we may see, for instance, by bending equally but in alternate direc- 
tions, those parts of a model of the molecule which lie outside the quadrilateral formed by joining para-carbon 
atoms to the mid-points of the bonds between the remaining carbon atoms. The hypothesis is, of course, 
too extreme, but the valency structure will still be expected to act in this direction, and therefore to bring 
an abnormally large proportion of hydrogen motion into the E,* carbon vibration, and reciprocally, as the 
orthogonality principle requires, an unusually large proportion of carbon motion into the E,*+ hydrogen vibra- 
tion. The existence of this reciprocal transfer is clear from the frequencies, as determined in Part XXI 
(loc. cit.) : the shifts between benzene and hexadeuterobenzene are such as to show that carbon and hydrogen 
motion contribute not very far from equally to the kinetic energy, alike of the E,* carbon, and the E,* 
hydrogen, vibration. 

The principle that the motions of light atoms can be only very weakly coupled by linking through heavier 
intermediate atoms leads us to expect that the two hydrogen vibrations of the E” class of trideuterobenzene 
will consist essentially of isomorphous vibrations of the protium and deuterium point-sets. One of the Dg, 
vibration forms from which they have to be constructed is the E,~ form, in which the carbon and hydrogen 
hexagons rock in opposition about a common diametral axis. In this vibration, the condition that the molecule 
as a whole shall not possess angular momentum necessitates that, for benzene, the ratio of carbon amplitudes 
to corresponding hydrogen amplitudes shall be f/12: 1 (f/6: 1 for hexadeuterobenzene), where f = {(CC) + 
(CH)}/(CC) = 1-78. Combination with an E,* vibration form, in which the amplitudes have the same ratio, 
will produce the required decomposition into isomorphous vibrations of the protium and deuterium point- 
sets. Weare prepared to envisage a preliminary redistribution of kinetic energy between the two E,,* vibration 
forms in order to secure an E,* vibration with the necessary amplitude ratio. The frequencies show, how- 
ever, that all that is required is a quite small additional accumulation of hydrogen kinetic energy in the 
hydrogen vibration. 

The assumption of a modified E,+ hydrogen vibration with the amplitude ratios stated above leaves us 
with an E,,* carbon vibration in which the hydrogen amplitudes are greater than the corresponding carbon 
amplitudes in the ratio f = 1-78; it is also to be noted that, in order to preserve this vibration from including 
any rotation of the molecule as a whole, the amplitudes in a CD-group must be smaller than corresponding 
amplitudes in a corresponding CH-group, e.g., by the uniform factor ¢ = (12 + f*)/(12 + 2f?) = 0-83. This 
vibration will survive, in our approximation, as the carbon vibration of the final E”’ class of 1 : 3 : 5-trideutero- 
benzene. The fact that the observed frequency, 372-7 cm.-, is not far from the mean, 377 cm.-, of the E,* 
carbon frequencies of benzene and hexadeuterobenzene shows that the amplitude ratio in the E,* carbon 
vibration of benzene itself cannot be very different from f = 1-78, and must be much less, therefore, than the 
limit, 3-26, which would obtain under the assumption of CH-bonds acting as if they were infinitely stiff in 
this vibration. The normal co-ordinates of the degenerate E”’ carbon vibration of 1 : 3 : 5-trideuterobenzene 
are shown in diagram (XV). 

We have assumed that the E,,* hydrogen vibration, as it appears in benzene or hexadeuterobenzene, will 
require a small additional accumulation of hydrogen kinetic energy in order that it shall produce isomorphous 
protium and deuterium vibrations when combined with the E,~ vibration according to the formula E,*+E,~. 
This is indicated by the rather smaller percentage frequency shift, from benzene to hexadeuterobenzene, 
which is experienced by the E,,* hydrogen vibration, as compared with that undergone by the E, vibration. 
Combination of the modified E,* vibration form with the E,~ vibration produces, in our approximation, the 


[19. 

norn 
in di 
is a 
resol 
The 
whic 
lowe 
C,H, 
malr 
cons: 
roug 

C 

and 

ne whol 

that 
moti 

I 
vibré 
C0-01 
shou 
then 

to tl 
Thu: 
and 
7 
will 
spect 
( 
mett 
Ram 
or tl 


[1946] Structure of Benzene. Part XVII. 269 


normal co-ordinates for the remaining two E” vibrations of 1 : 3: 5-trideuterobenzene. They are represented 
in diagrams (XVI) and (XVII). : 

Comparing the observed E” frequencies with those of a hypothetical D,, ‘‘ molecule” C,X,, in which X 
is a “‘ hydrogen isotope ’’ of mass 3/2, we obtain the following correlations, in which the normal effects of 
resonance are observed : 


C,H,. E” of . 
Wy 200 200000000 970 793 882 947 


The very wide separation of the two E,* frequencies of ‘‘ C.X, ”’ ensures that the small preliminary interaction, 
which we have assumed the corresponding vibrations to undergo, shall not much alter the frequencies: the 
lower one, 379 cm.-, is reduced a few wave-numbers to 372-7 cm.-, which survives as an E” frequency of 
C,H,;D;; whilst the upper one, 882 cm.-', is presumably raised slightly, possibly to 890—895 cm.-. The 
main resonance effect is between this modified frequency and the E,~ frequency, 755 cm.-, of ‘‘C,X,”’; and, 
consistently, we find that the upper frequency is raised, and that the lower one is reduced, in C,H,D, by 
roughly equal differences of about 50 cm.-. 

Our approximate analysis represents the upper two E”’ frequencies as belonging to isomorphous protium 
and deuterium vibrations, with only sufficient carbon motion to cancel any rotation of the molecule as a 
whole. The ratio of these frequencies is 947/710 = 1-33. The ratio should be 1-29. The difference shows 
that in reality there is rather less carbon motion in these vibrations, and consequently slightly more carbon 
motion in the E” carbon vibration, than is represented in our simplified diagrams. 


(XVI; 710-2 
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(XVII; 947cm-*.) 


If we should have tried to combine the E,,* carbon vibration form with the E,~ vibration, the E,,* hydrogen 
vibration form would have been left as one of the final E” vibrations of 1 : 3 : 5-trideuterobenzene. Its normal 
co-ordinates can be obtained from diagram (XV) by reversing all the carbon vectors.. To this vibration we 
should have had to assign the frequency 947 cm.+. The remaining frequencies, 372-7 and 710-2 cm.*, would 
then have had to be assigned to the other two E” vibrations, the normal co-ordinates of which are similar 
to those of diagrams (XVI) and (XVII), except that the small carbon motions are in different carbon atoms. 
Thus they are, once again, substantially isomorphous vibrations of the protium and deuterium point-sets, 
and the ratio of their frequencies could not be what we find, namely, 710-2/372-7, which exceeds +/2. 

The Raman-active Overtones and Combination Tones——From Table XIII of Part XI (this vol., p. 234) it 
will be seen that the following categories of overtones and combination tones are allowed in the Raman 
spectrum : 

(1) All first overtones and binary combination tones between fundamental frequencies of the same sym- 
metry class. (These harmonics all belong to the A,’ symmetry class, and may therefore produce polarised 
Raman lines. If the fundamentals are degenerate, the harmonics belong equally to the E’ symmetry class, 
and this confers on them infra-red activity also.) : 

(2) All binary combination tones between fundamental frequencies of different symmetry classes, pro- 
vided that at least one fundamental frequency is degenerate. (These harmonics belong either to the E’ class 
or the E” class, and therefore must give depolarised Raman lines. The E’ class of harmonics are also active 
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in the infra-red. When both the fundamentals are degenerate, the derived harmonics belong equally to the 
E" class and to the A,” class, and hence these harmonics also are active in the infra-red.) 

Guided by these rules, we have assigned the observed higher harmonics of the Raman spectrum as shown 
in Table I (p. 256). In some cases alternative interpretations are possible, and when this is so they are given 
in the table.* There are no observed harmonics which cannot be interpreted, according to the selection rules, 
on the basis of the spectrally active fundamental frequencies, and the assignment of these already given. 
One alternative assignment is given which involves an inactive fundamental frequency (see below). 

Three higher harmonics are of outstanding intensity, namely, those at 2238-3, 2973-3, and 3144-5 cm. 
The second of these is certainly polarised, and the others may be. It seems significant that all belong to the 
A,’ symmetry class, and that all are within 100 cm. of one of the intense fundamental frequencies of this 
class—the totally symmetrical deuterium and protium stretching frequencies at 2281-9 and 3052-7 cm. 
Probably the higher harmonics ‘‘ borrow ”’ some of their intensity, as their symmetry permits, from their very 
strong neighbours by resonance in the well-known way. The same effect should in principle shift the 
frequencies. Shifts of a few wave-numbers may have occurred; but we should not expect any striking 
frequency displacements, since the higher harmonics, even in their calculated unperturbed positions, are not 
very close to the fundamentals; and observation shows that, even if the higher harmonics have undergone a 
considerable relative increase of intensity, they have not absorbed any large fraction of the intensity of the 
fundamental frequencies. 

The Infra-red Combination Tones.—Table XIII of Part XI (loc. cit.) shows that the following higher 
harmonics may appear in the infra-red spectrum. 

(1) Binary combination tones between totally symmetrical (A ,') fundamental frequencies, on the one hand, 
and infra-red-active (A,’’ and E’) fundamental frequencies, on the other. (These combinations should give 
parallel or perpendicular bands according as the contributing infra-red fundamental band is parallel or per- 
pendicular. The higher harmonics which give perpendicular bands are also allowed to appear in the Raman 
spectrum.) 

(2) Binary combination tones between certain non-degenerate and degenerate fundamental frequencies, 
viz., combinations of the A,’ class with the E’ class, and of the A,” with the E” class. (These should all 
give perpendicular bands; they are allowed also in the Raman spectrum.) 

(3) First overtones of any degenerate fundamental frequency, and binary combination tones of any two 
degenerate fundamental frequencies. (These should give perpendicular bands, except that combinations of 
fundamental frequencies of two different degenerate symmetry classes should produce parallel bands. Those 
which give perpendicular bands are allowed in the Raman spectrum.) 

The observed higher harmonics in the infra-red spectrum are assigned in conformity with these rules in 
Table II (p. 257), alternative interpretations being given where alternatives are possible.t There is one 
difference tone, namely, that at 463 cm., and it is very weak as would be expected. The other combination 
tones are of the binary summation type, and are for the most part of moderate intensity or less, although one, 
namely, that at 1835 cm.-", is stronger than is usual for combination tones. 

The one combination band which we were able to resolve with respect to its rotational branches, namely, 
that which has a Q-branch frequency of 1632 cm.-, is clearly of the perpendicular type. There are two possible 
assignments for this harmonic, and they both require that the band should be of the perpendicular type. 

Two of the combination frequencies, 1065 cm. and 2242 cm.-, appear also in the Raman spectrum (at 
1069 cm. and 2238-3 cm.-), and this is allowed by the selection rules. However, the double appearance 
of the frequency 1065—1069 cm.- niay arise from the accidental agreement between the frequency of the 
combination tone (691 + 373 = 1064 cm.) and that of a first overtone (2 x 533 = 1066 cm.-), which is 
allowed in the Raman spectrum only. 

Not quite all the higher harmonics of the infra-red spectrum can be interpreted in conformity with the 
selection rules on the basis of the 17 directly observed fundamental frequencies, and the assignment which 
has been worked out for them: there is one band of moderate intensity, namely, that at 1750 cm.+, which 
cannot be so explained. It seems altogether too strong to be a difference tone, or a ternary combination of 
any kind, and there is no fundamental frequency which could appear in this region of the spectrum. The 
frequency can only be interpreted, therefore, as a binary summation tone involving one of the inactive 
fundamental frequencies. 

. The Inactive Fundamental Frequencies of the A,’ Class.—This is the one symmetry class the vibrations of 
which are forbidden both in the Raman and in the infra-red spectrum. We are able at present only partially 
to solve the problem of identifying the frequencies of these vibrations. 

There are three vibrations, and they may be regarded as composed by orthogonal combination of initial 
vibration forms similar to those of the single A,, vibration and the two B,, vibrations of the D,, benzene 
model (Part XI, Table V, this vol., p. 227). The A,, vibration is a hydrogen vibration, which involves 
counter-rotatory movements of the carbon and hydrogen hexagons in the plane of the ring. The B,,, vibrations 
consist of a carbon and a hydrogen vibration, distinguished as usual by the circumstance that the motions 
in each CH-group are parallel in the former and antiparallel in the latter: each of these vibrations involves 


* A few further alternative interpretations become possible when we assume values for the two higher inactive 
fundamental frequencies of the 4,’ class, which are‘not accurately known. These are not included in Table I.. 
+ The remark in the above footnote applies to Table II also. 
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a trigonally symmetrical system of atomic movements, in the plane of the ring, and at right angles to the 
hydrogen valencies. When, under the D,, symmetry of 1:3: 5-trideuterobenzene, interaction between 
these three vibration forms is permitted, we expect to obtain, in the resulting A,’ class, one carbon and two 
hydrogen vibrations. 

We set up the normal co-ordinates by our usual approximate method, which assumes a decomposition of 
the initial D,, hydrogen vibrations into isomorphous D,, vibrations of the deuterium and protium point-sets. 
In one of the original hydrogen vibrations, A,g, the ratios of the carbon and hydrogen amplitudes are fixed 

by the condition that the whole molecule must not possess angular momentum. Therefore we assume such 
preliminary interaction between the two initial B,, vibrations as will produce a B,,, hydrogen vibration form 
having carbon and hydrogen amplitudes in corresponding ratios. Interaction of the type 4,+B,, between 
the A,, vibration and the modified B,, hydrogen vibration form then gives the two A,’ hydrogen vibrations 
of the D,, molecule, namely, the vibrations whose normal co-ordinates are shown in diagrams (XVIII) and 
(XIX). The residual modified B,, carbon vibration form survives as the A,’ carbon vibration. Its normal 
co-ordinate is represented in diagram (XX). The symbol f contained in some of the amplitude indications 
signifies {(CC) + (CH)}/(CC) = 1-78, whilst ¢ is an abbreviation for (12 + f*)/(12 + 2f*) = 0-83. 


(XVIII; 920 (XIX; ~1230 cm.-2.) (XX; frequency uncertain.) 


The spectral range within which we should expect to find the frequency of the deuterium bending vibration, 
(XVIII), may be placed at 850—1000 cm.*. The corresponding spectral range which should include the 
frequency of the protium bending vibration, (XIX), would be about 1100—1300 cm.*. These ranges are 
simply judged from other known hydrogen bending frequencies. The frequency of the carbon vibration, 
(XX), depends essentially on the stretching of C-C bonds, and should lie higher. Attempts to calculate the 
frequency of the corresponding (B,, carbon) vibration of benzene itself have indicated 1500—1800 cm. as 
the likely region. Since the frequency of a carbon vibration of this type is unlikely to be changed by more 
than a few units per cent. on the introduction of deuterium atoms into the molecule, the same spectral range 
should include the frequency of the A,’ carbon vibration, (XX), of trideuterobenzene. 

The most precise indication we have with respect to any of these frequencies arises from the already 
mentioned infra-red combination tone at 1750 cm.'. This binary summation tone must involve, as one of 
the contributing fundamental frequencies, one of the unknown A,’ frequencies. The selection rules require 
that the other contributing fundamental frequency can only be one of those belonging to the E’ symmetry 
class. Under this restriction, and having regard to the ranges within which the A,’ frequencies are likely to. 
fall, there are only two ways, each involving an assumed A,’ frequency, of composing the summation frequency. 
The first, (A,’) 1157-0 + (E’) 593-0 = 1750, assumes an A,’ frequency, in round figures 1160 cm.-, which 
might belong to the protium bending vibration, (KIX). The second, (A,’) 916-5 + (E’) 833-5 = 1750, involves 
the assumption of an A,’ frequency, in rounded form 920 cm., which might be assigned to the deuterium 
bending vibration, (XVIII). 

We can now make an application of the product theorem, which, although crude, suffices for a decision 


between these alternative interpretations. In Part XXI we determine the A,, frequency, and also the 


B,, hydrogen frequency, of benzene. Let us suppose, first, that we know that the 4,’ protium frequency of 
1: 3: 5-trideuterobenzene is 1160 cm.-, and wish to calculate the A,’ deuterium frequency, v, of this sub- 
stance. Normally we should require to know, in addition, the B,, carbon frequency of benzene and the 
A,’ carbon frequency of trideuterobenzene; but we can avoid the use of the necessarily somewhat dubious 
values, which we might have inserted for these frequencies into the product formula, by introducing instead 
their assumed ratio, 1-025, a figure which is probably good to about 1%, even though it has no better basis 
than that the percentage difference between the frequencies is taken as half the percentage difference between 
the frequencies of the totally symmetrical carbon stretching vibrations of benzene and hexadeuterobenzene. 
Taking the product ratio from Table XI of Part XI (this vol., p. 232), and making the usual allowance for 
anharmonicity (Joc. cit.), we can set up the following equation : 


TA yByy(CoHy) _ 1326 x 1110 
11, (C,H,D,) ~ 1160 xy * = 1-335 


The derived value of v is 973 cm.. The ratio of the two A,’ hydrogen frequencies of 1: 3: 5-trideutero- 
benzene then becomes 1160/973 = 1-19. This is an unacceptably low value for the ratio of the frequencies 
of approximately isomorphous protium and deuterium vibrations. Turning now to the other possibility, 
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namely, that the 4,’ deuterium frequency is 920 cm.-, and inserting this, in place of 1160 cm., in the same 
equation in order to determine v, now regarded as the 4,’ protium frequency, we find for v the value 1230 cm.-. 
The ratio of these A,’ hydrogen frequencies is 1230/920 = 1-34. The theoretical value, if diagrams (XVIII) 
and (XIX) were strictly accurate, would be 1-29. The deviation of the found ratio is not greater than that 
which should be expected to arise from the approximations made in our simplified determination of the normal 
co-ordinates. Obviously we have placed somewhat too much carbon motion in the hydrogen vibrations and 
not quite enough in the carbon vibration. 

Another indication in favour of our interpretation is that the frequencies 920 and 1230 cm.-' appear reason- 
able when set beside the A,, and B,, hydrogen frequencies of a ‘‘ molecule ’’ C,X., in which X is a “‘ hydrogen 
isotope ’’ of mass 3/2—the C,X, frequencies being estimated, as usual, as means of the corresponding frequencies 
of C,H, and C,D,. The comparison is as follows (frequencies in cm.-*) : 


C.Hg. A,’ of . 

pa: 1037 1182 ~1230 

Neglecting, as we probably may, the chance of any drastic displacement of the hydrogen frequencies of C,H,Dsg, 
due to interaction with the A,’ carbon frequency, we expect the hydrogen frequencies of C,X, to be spread 
apart, approximately symmetrically, when interaction is permitted on redistribution of the hydrogen masses 
to form C,H,D,. Consistently, we find the upper one raised, and the lower one reduced, each by about 
50cm... This normal effect of resonance would not be observed if we should replace the adopted trideutero- 
benzene frequencies by their alternatives, 1160 and 973 cm.-'. It will be understood that, whilst the frequency 
920 cm.- is probably rather exactly determined, the figure 1230 cm. might be in error by as much as 2%. 
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62. Strueture of Benzene. Part XVIII. The Raman Spectra of 1: 4-Dideutero- 
benzene and 1: 2:4: 5-T'etradeuterobenzene : Description and Analysis. 


By Nora HERZFELD, J. W. HospeEn, C. K. INGoLp, and H. G. Poote. 


1: 4-Dideuterobenzene and 1: 2:4: 5-tetradeuterobenzene have the same symmetry (Vj,). The distri- 
bution of protium and deuterium atoms in these molecules secures that each of those vibrations which are 
doubly degenerate in benzene or hexadeuterobenzene (symmetry D,,), or in 1 : 3 : 5-trideuterobenzene (sym- 
metry D,,), becomes replaced by two definite and distinct vibrations, each with its characteristic frequency. 
The symmetry elements present in the di- and tetra-deuterobenzene molecules include a centre. Each molecule 
thus has 15 ‘‘ gerade’ and 15 ‘‘ ungerade ”’ fundamental vibrations, of which the former only are active in 
the Raman effect. This paper is concerned with the “‘ gerade ” vibrations of both molecules; the next paper 
deals with their ‘‘ ungerade ” vibrations. 

The Raman spectra of the two V;, benzenes have been studied, and 30 or more lines have been measured 
in each spectrum. Accurate frequencies and approximate degrees of polarisation are recorded, as well as rough 
estimates of integrated intensity. The expected resolutions in these spectra of the degeneracies characteristic of 
the spectra of the D,, and D,, benzenes have been observed, although the frequency separations were in some 
cases so slight that a careful study of densitometric contours was necessary. 

All the 15 ‘‘ gerade’”’ fundamental frequencies have been observed and identified in each spectrum. 
Evidence of identity is based on the observed frequencies, intensities, and polarisations, considered in the light 
of the selection rules for intensity and polarisation, and our empirical knowledge of the spectral regions in which 
frequencies corresponding to particular types of vibration should appear. Important confirmation arises 
from comparisons of the frequencies of the two V, benzenes with one another, and with the already known 
and identified fundamental frequencies of the D,, and D,, benzenes. The main arguments involving such 
comparisons are based upon the product rule (Teller and Redlich); but use is also made of considerations 
relating to those modifications in the normal co-ordinates of certain vibrations which are expected to arise from 
particular redistributions of deuterium atoms. A scheme of approximate but orthogonal normal co-ordinates 
is suggested. ‘ 

The identification of fundamental frequencies, as worked out in this and the next paper, permits the assign- 
ment, in accordance with the selection rules, of all the higher harmonic frequencies found in the Raman spectra 
of the two benzenes. ; 


1 : 4-DIDEUTEROBENZENE and 1: 2: 4: 5-tetradeuterobenzene have the same symmetry and therefore the 
same spectroscopic selection rules. Accordingly, it is convenient to deal with these two molecules together. 
Each possesses, in particular, a centre of symmetry. Hence no frequency can occur in both the Raman and 
infra-red spectrum of either substance. Therefore each molecule has one set of fundamental frequencies which 
can appear only in the Raman spectrum, and another, different, set of fundamental frequencies which are active 
only in the infra-red spectrum; and each molecule has a set of fundamental frequencies which are inactive in 
both spectra. It follows that for these molecules the analyses of the Raman and the infra-red spectra are largely 
independent of each other. In this paper we record and analyse the Raman spectra of 1 : 4-dideuterobenzene 
and 1:2:4: 5-tetradeuterobenzene. In the next paper the infra-red spectra of the same two molecules are 
described and analysed, a note being added with reference to the inactive frequencies in order to complete 
the tale of the fundamental vibrations of these compounds. 
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The Raman spectrum of 1 : 4-dideuterobenzene was first recorded by Redlich and Stricks (Monatsh., 1936, 
67, 213), who classified the vibrations, and gave an assignment (which was correct as far as it went) of some 
of the fundamental frequencies. These authors’ record of Raman-active frequencies was, however, very 
incomplete; and, even so, it included some frequencies which we cannot confirm. Langseth and Lord (Kgl. 
Danske Vidensk. Selsk., 1938, 16, 6) described the Raman spectra of 1 : 4-dideuterobenzene and 1 : 2: 4: 5- 
tetradeuterobenzene, and suggested an assignment of all the Raman-active fundamental frequencies. There 
are, however, a number of divergences between these authors’ observations and ours, and consequently some 
differences in the assignment of frequencies. It would appear that neither Redlich and Stricks nor Langseth 
and Lord had very pure material at their disposal. Some of the discrepancies between Langseth and Lord’s 
results and ours are clearly traceable to their use of unfiltered mercury radiation for the excitation of the spectra 
(cf. Part XV, this vol., p. 245). 

The present work was carried out with 1 : 4-dideuterobenzene and 1 : 2: 4 : 5-tetradeuterobenzene prepared 
by Wilson and his collaborators (Parts XII and XIII, this vol., pp. 235, 239). The spectra showed the samples 


TABLE I, 
Raman Spectrum of 1: 4-Dideuterobenzene and Assignment. 
Frequency Depolarisation Symmetry Symmetry of 
(cm.~), Intensity. factor. Assignment. class. components. 
596-6 Fundamental A 
634-1 m (0-5) Fundamental By 
736 mw (0-3) 0-8 Fundamental Byy 
849-5 m (0-5) 0-83 Fundamental Buy 
908-5 ms (0-9) 0-83 Fundamental By a 
967 ms—m Fundamental 
978-0 s (10-0) 0-41 Fundamental Ag _— 
1173-4 ms (2-1) 0-87 Fundamental Ay -— 
2 x 596-6 = 1193-2 Ay Ay A 
2X 597 = 1194 Ay 
596-6 + 600-9 = 1197-5 Biy Ay By 
2 x 600-9 = 1201-8 Ag ie By 
1267 w _ 2 x 634-1 = 1268-2 A; wy Bu 
1309-0 mw (0-2) — Fundamental By = 
1548°4 mw oo 634-1 + 908-5 = 1542-6 By By, By 
1569-3 ms (1-5) 0-8 Fundamental By — 
1587-0 s (3-0) 0-83 Fundamental Ay — 
2 x 1106 = 2212 Ay = 
2216-6 w ~- 908-5 + 1309-0 = 2217-5 Ag iy Big 
634-1 + 1587-0 = 2221-1 By Buy, Ag 
2280-0 s (4-5) 0-62 Fundamental Ag —_ 
2378 w — 970 + 1413 = 2383 Byg Ay Bsy 
2395-4 mw — 992 + 1413 = 2405 By ow Bos 
2582-7 m — 1106 + 1469 = 2575 By Bsy Bey 
2828 ww — 2 x 1413 = 2826 Ay Bay Boy 
596-6 + 2280-0 2876-6 A 
2870 1309-0 + 1569-3 = 2878-3 4) 
600-9 + 2280-0 = 2880-9 By By, Ag 
2895 w — 1309-0 + 1587-0 = 2896-0 By By Ag 
2913 w 634-1 + 2280-0 = 2914-1 By, Ay 
2935-4 m _— 2 x 1469 = 2938 Ay Bay, Bu 
3042 ot (10) 0-50 Fundamental By _ 
. 876 + 2275 = 315 iw Peau 
{ise0-3 1587-0 — 31563 By By, Ag 
3170-7 m 2 x 1587-0 = 3174-0 Ay 


to be of a high standard of isotopic purity. The general conditions of the measurements, and the standards of 
accuracy achieved, were as described for the case of 1 : 3 : 5-trideuterobenzene (Part XVII, this vol., p. 256). 
Our results for the frequency, intensity, and polarisation of the di- and tetra-deuterobenzene are recorded in 
the first three columns of Tables I and II. The braces in the first columns indicate groups of overlapping 
Raman lines. The frequencies in which a decimal is given are believed to be correct to within one wave- 
number; other frequencies may be in error by several wave-numbers. No special accuracy is claimed for 
the densitometrically determined relative intensities, given in parenthesis after some of the qualitative 
indications of intensity in the second columns of the tables, or for the similarly measured depolarisation factors, 
contained in the third columns. 

Our results may be compared with those already given in the literature. There are five frequencies, pre- 
viously recorded as belonging to the Raman spectrum of | : 4-dideuterobenzene, which we do not confirm. 
These are 1008 and 2453 cm., given by Redlich and Stricks, and 400, 1166-6 and 2261 cm.-', reported by 
Langseth and Lord, the last two as having considerable intensity. The non-existence of the frequency 1166-6 
cm.- is important, and is established in detail later. We record in the same spectrum, however, twelve lines, 
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including several of considerable strength, which were not observed by the earlier workers. These have the 
frequencies 991, 1196, 1309-0, 1543-4, 2378, 2395-4, 2582-7, 2828, 2870, 2895, 2913, and 2935-4 cm.-. Detailed 
evidence is submitted later with respect to the frequencies to which theoretical importance is attached, namely, 
1309-0, 2582-7, and 2935-4 cm.. Eighteen previously recorded Raman lines are confirmed, although the 
frequencies found for some of them differ by a few wave-numbers from the older values. 

The position with respect to the Raman spectrum of 1: 2: 4: 5-tetradeuterobenzene is similar. Five of 
the lines which Langseth and Lord report we cannot confirm. These are stated to have the frequencies. 605-3, 
630-3, 949-9, 2112, and 2219cm.. On the other hand, we find fifteen Raman lines, some having considerable 


Taste II. 
Raman Spectrum of 1: 2:4: 5-Tetradeuterobenzene and Assignment. 
Frequency Depolarisation Symmetry Symmetry 
(cm."), Intensity. factor. Assignment, class components. 
585-8 Fundamental B 
{ 580.0. ms (1-4) 0-84 Fundamental Ay 
615-1 m (03 Fundamental By 
663-6 ms (0-9 0-82 Fundamental By ‘ian 
767-1 m (0-4 0-83 Fundamental Byg 
862-2 ms (1-5 0-87 Fundamental Ay 
929-7 m (03 _ Fundamental By — 
954 m-m Fundamental By 
960-9 s (10-0) 0-39 Fundamental Ay om 
972 m-mw 12C,°*CH,D, — 
1057 ww _ 1439 — 383 = 1056 ¢ By a 
1098-1 w “= 2 x 548 = 1096 Ag Biw Biy 
1140-3 * ww — 352 + 793 = 1145 Ay Aw Ay 
1232-3 ww “= 2 xX 615-1 = 1230-2 Ay Buy Bag 
1255-3 m (0-4) 0-88 Fundamental By a 
1431 ww — 663-6 + 767-1 = 1430-7 By Bug, Bay 
1533 w — 2 x 767-1 = 1534-2 A, Byy, Bay 
1543 615-1 + 929-7 = 1544-8 Ay Bag 
5858 + 960-9 = 1546-7 Biy By Ag 
589-0 + 960-9 = 1549-9 Ay Ay Ag 
1572-1 ms Fundamental Ay — 
1593-6 w 663-6 + 929-7 = 1593-3 By By Bay 
1645 ww _ 2 x 819 = 1638 Ay Buy, Boy 
585-8 + 1564-0 = 2149-8 Ay ig Big 
589-0 + 1564-0 = 2153-0 By Ap By 
2161 585°8 + 1572-1 = 2157-9 By Big, Ag 
i 589-0 + 1572-1 = 2161-1 Ay Ay, A 
812 + 1353 = 2165 BS, je 
819 + 1439 = 2258 By Bos, Sen 
2272 ms ( 8) 0-53 Fundamental B lg — 
2285-0 s } Fundamental A oa 
2344 w 767-1 + 1572-1 = 2339-2 Buy Ay 
{ 3045-0 s (5) 0-72 Fundamental Ay — 
a 793 + 2280 = 3073 B Ay, B 
{793 2280 3073 By Aw Bau 
3119 w —_ 2 X 1564-0 = 3128-0 Ay By By 
3143 ous 2 X 1572-1 = 3144-2 Ay Ag Ag 
862-2 + 2285-0 = 3147-2 Ay Ap Ag 
3226 w PY Fo? 960-9 + 2272 = 3233 By Ay By 
* See first footnote, p. 283. t See second footnote, p. 283. 


intensity, which Langseth and Lord did not observe; they have the frequencies 615-1, 904, 972, 984, 
1232-3, 1431, 1533, 1550, 1593-6, 1645, 2344, 3078, 3119, 3143, and 3226 cm.1. Evidence as to the first few 
frequencies of each of these two lists is given later, since they are involved in the discussion of certain funda- 
mental frequencies. Eighteen of Langseth and Lord’s frequencies are confirmed by our measurements to 
within a few wave-numbers at most. A notable difference between their observations and our own with 
respect to the intensity of the line at 1140-3 cm.-1 (1137-4 cm. according to their measurement) is discussed 
in connexion with the assignment of fundamental frequencies. 

The last three columns of each of Tables I and II contain results of our analyses of the spectra. The entries 
in the fourth columns of the tables indicate our assignment of the frequencies either to fundamental or to 
higher harmonic vibrations. All the frequencies receive satisfactory explanations. Some of the higher 
harmonic frequencies are capable of several interpretations, and where this is so the alternatives are given. 
All interpretations accord with the selection rules (Part XI, this vol., p. 222). The fifth columns of the two 
tables contain the symbols which specify the symmetry properties of the fundamental and higher harmonic 
vibrations (cf. Part XI). Fuller descriptions of the forms of the fundamental vibrations are given later. The 
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sixth column of each table contains the symmetry labels of the fundamental components of the higher harmonic 
frequencies; they are given in order that the symmetry classes of the components can readily be identified, and 
the application of selection rules checked. Concerning the identification of the fundamental components it 
will be appreciated that only the ‘‘ gerade’ fundamental frequencies (with subscript g in their symmetry 
symbols), all of which are Raman-active, are determined in this paper. The “ ungerade”’ fundamental 
frequencies (having subscript u in their symmetry symbols) are either infra-red-active or spectrally inactive. 


Discussion OF ASSIGNMENT. 


In the following discussion we shall deal mainly with the identification and assignment of fundamental 
frequencies. Overtones and combination tones will be discussed individually only in so far as their assignment | 
involves special considerations or bears in some direct manner on the identification of fundamental frequencies. 

1 : 4-Dideuterobenzene and 1 : 2: 3: 4-tetradeuterobenzene illustrate the benzene model of V, symmetry. 
They have no three-fold axes and therefore do not give rise to degenerate vibrations. Thus the 30 vibrational 
degrees of freedom of each of these molecules correspond to 30 distinct vibration frequencies. The existence 
of a centre of symmetry secures that no vibration can record its frequency in both the Raman and the infra- 
red spectrum. Of the 30 fundamental vibrations, 15 are “ gerade,”’ i.e., symmetric to the centre of symmetry, 
and 15 “‘ ungerade,”’ i.e., antisymmetric with respect to the centre. The 15 gerade vibrations are active in 
the Raman spectrum; the 15 ungerade vibrations are all inactive in the Raman spectrum, but 13 of them are 
active in the infra-red spectrum, whilst two are spectrally inactive. We are concerned in this paper with the 
15 gerade, that is, Raman-active, fundamental vibrations. They are divisible into four symmetry classes as 
follows (Part XI, Table IX, this vol., p. 228) : 


CLAW. Ay By By Byg 
No. of frequencies ..........0. 00000009 6 5 1 3 
Raman polarisation .................. Pol. Depol. Depol. Depol. 


The distinctions of symmetry between these classes may be briefly explained. 


The V, model has three two-fold axes of symmetry, the z-axis perpendicular to the plane of the benzene 
ring, the y-axis which runs through the two deuterium atoms in 1 : 4-dideuterobenzene or the two protium 
atoms in 1 : 2: 4: 5-tetradeuterobenzene, and the x-axis which is perpendicular to the others. The A, vibra- 
tions preserve all three of these two-fold axes of symmetry. The B,, vibrations preserve only the z-axi&, the 
B,, vibrations only the y-axis, and the B,, vibrations only the z-axis. It follows that the A, and B,, vibrations 
lie in the plane of the ring, whilst the B,, and B,, vibrations involve atomic motion perpendicular to the plane. 

During the A, vibrations the polarisability ellipsoid of the molecule oscillates with respect to the lengths 
of its principal axes, but these axes remain fixed along the x, y, and z directions. In the B,,, By, and Bg, 
vibrations the lengths of all the principal axes of the polarisability ellipsoid remain fixed, but only one of the 
three axes is fixed with respect to direction : and the-ellipsoid as a whole undergoes rotatory oscillations about 
this stationary principal axis. Inthe B,, vibrations the oscillations occur about the z-axis, in the B,, vibration 
about the y-axis, and in the B,, vibrations about the #-axis. 

The A, vibrations are totally symmetrical with respect to the V, model, and therefore, by the well-known 
rule, the corresponding Raman lines belong to the category of so-called “‘ polarised ’’ lines. This simply means 
that, so far as symmetry considerations alone determine the matter, their depolarisation factors are allowed to 
fall below the value of 6/7. But they are not bound to doso; for in any particular vibration some detailed con- 
sideration relating to its form may determine that its Raman depolarisation factor will in fact not fall appreciably 
below 6/7. Everything depends on what happens to the polarisability ellipsoid. If the lengths a, b, and ¢ 
of the three principal axes of the ellipsoid so vary that their mean, (a + b + c)/3, remains nearly constant, the 
Raman depolarisation factor will not differ sensibly from 6/7. 

In vibrations of the By B,,, and B,, symmetry classes the magnitudes a, b, and ¢ remain individually 
constant, and hence their mean cannot vary. All these vibrations, therefore, give rise to so-called 
“ depolarised ’’ Raman lines, that is, lines whose depolarisation factors are completely fixed by symmetry 
principles, and are equal in every case to 6/7. 

Two conclusions can be drawn with respect to the treatment of Raman polarisation data in the assignment 
of frequencies to vibrations. The first is that a Raman frequency having a measured depolarisation factor 
which is significantly below 6/7 can be assigned with certainty to a vibration of the A, class. The second is 
that if we should have some independent reason to assign to a vibration of the A, class a Raman frequency 
the depolarisation factor of which is found to be approximately equal to 6/7, we should be prepared to show 
special reason why, for that particular vibration, even though the magnitudes a, b, and ¢ must all vary, their 
mean, (a + b + c)/3, will remain approximately constant during the vibration. 

The A, Fundamental Frequencies.—The six Raman lines of 1 : 4-dideuterobenzene, and the six of 1: 2: 4: 5- 
tetradeuterobenzene, which we assign to the fundamental vibrations of the totally symmetrical A, class have 
the following frequencies (in cm.-') and depolarisation factors (in parentheses). 


C,H,D 596-6 978-0 1587-0 2280-0 3055-0 
2 eee (0-85) (0-41) (0-87) (0-83) (0-62) (0-50) 
862-2 960-9 1572-1 2285-0 3045-0 


(0-84) (0-87) (0-39) (0-87) (0-53) (0-72) 
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The lines having the frequencies 978-0, 2280-0, and 3055-0 cm. in the spectrum of 1 : 4-dideuterobenzene, 
and those which have the frequencies 960-9, 2285-0, and 3045-0 cm.— in that of 1 : 2: 4: 5-tetradeuterobenzene, 
at once show themselves to belong to fundamental vibrations of the A, class by their great intensity and 
considerable degree of polarisation. They are the strongest lines in their respective spectra, and their depolar- 
isation factors all lie well below the limit of 6/7 = 0-86. The assignment to the same symmetry class of the 
remaining frequencies listed above, in spite of the circumstances that the corresponding depolarisation factors 
do not fall appreciably below 6/7, depends on a more detailed consideration of the normal co-ordinates of 
the A, vibrations. 

The six A, vibrations of the V, benzene model may be regarded as composed by orthogonal combinations 
from vibrations of the forms of those of the A ,, and E,+ symmetry classes of the D,, benzene model, as exempli- 
fied in benzene itself and in hexadeuterobenzene (Part XI, Table V, this vol., p. 227). The A,, class contains 
the two totally symmetrical vibrations of the D,, model. The E,+ class contains four doubly degenerate vibra- 
tions, but we are here concerned only with that component (labelled “qa” in Fig. 1 of Part XI, this vol., p. 231) 
of each degenerate vibration which retains all three of the two-fold axes of symmetry, z, y, and x, and is there- 
fore totally symmetrical with respect to V, symmetry. [The remaining component (labelled ‘‘ b” in Fig. 1 
of Part XI) of each of the degenerate E,+ vibrations retains only one two-fold axis, namely, the z-axis. The 
four E,+ component vibrations having this symmetry represent forms which enter into the composition of the 
By vibrations of the benzenes of V;, symmetry.] 

The A ,, vibrations of the D., model of benzene consist of a ‘‘ carbon vibration,”’ in which each carbon atom 
carries its hydrogen atom with it, the whole CH-group moving practically as a unit, and a ‘‘ hydrogen vibration,” 
in which the atoms of each CH-group move in antiparallel fashion about a nearly stationary centre of gravity, 
most of the motion being in the hydrogen atom because of its relative lightness. The forms of these vibrations 
are determined by their orthogonality and symmetry. The carbon vibration involves the symmetrical expan- 
sion and contraction of the benzene ring, whilst the hydrogen vibration consists essentially of the synchronous 
stretching and shortening of the six carbon—hydrogen bonds. The E,+(a) vibrations consist of two “‘ carbon 
vibrations,” in which the atomic motions in each CH-group are parallel, and two “‘ hydrogen vibrations,”’ in 
which they are antiparallel. The forms of these four vibrations are not fully fixed by their orthogonality and 
symmetry, but it was shown in Part VIII (J., 1936, 971) that they are rather accurately differentiated by the 
internal forces into a carbon bending, a carbon stretching, a hydrogen bending and a hydrogen stretching 
vibration. Altogether then we have to consider the possible interaction of three carbon and three hydrogen 
vibrations. 

In the carbon vibrations the moving unit is essentially the CH-group, and this undergoes so small a pro- 
portionate change of mass on deuterium substitution that the form, frequency, and spectral activity of the 
vibrations are not much altered. Thus we can identify the three A, carbon frequencies of the V, benzenes 
very easily by comparison with the single A ,, and the two E,+ carbon. frequencies of the Dg, benzenes. 

The A,, carbon frequencies of benzene and hexadeuterobenzene, and the frequencies which we identify 


as the A 1p-like carbon frequencies of the A, class of 1: 4-di- and 1: 2:4: 5-tetra-deuterobenzene, form the 
following monotonic series : 


A or A,,-like carbon frequencies, ...... { 1: 1:2: 

These frequencies all belong to the most intense, and most strongly polarised, lines in their respective spectra, 
and there can be no doubt about their correspondence. It is evident that the interaction between these 
vibrations and the £,+-like vibrations, an interaction which is allowed when the restrictions imposed by- De 
symmetry become relaxed under V, symmetry, is in fact insufficient to shift the frequencies appreciably. The 
first reason for this is that no E,+-like frequencies lie in the near neighbourhood of the A,,-like carbon 
frequencies. The second reason is that the nearest E,+-like frequencies, viz., the hydrogen bending frequencies, 
1173-4 cm. in 1: 4-dideuterobenzene and 862-2 cm. in 1:2:4: 5-tetradeuterobenzene, have normal co- 
ordinates, which, as we shall see below, are of such a form that there could be no appreciable interaction between 
these vibrations and the 4 ,,-like carbon vibrations. 

The frequencies which we identify as belonging to the E,+-like carbon bending vibrations of 1 : 4-dideutgro- 


and 1:2:4: 5-tetradeutero-benzene bracket themselves in a quite regular manner between the analogous 
frequencies of benzene and hexadeuterobenzene : 


“om. eee 605-6 600-9, 596°6 589-0, 585-8 577-4 


The close correspondence as to frequency, and the similarity in intensity and polarisation between these 
Raman lines leave no doubt as to the correctness of the assignment. Confirmation follows from the observation 
that, in agreement with the prediction that these frequencies of benzene and hexadeuterobenzene possess a 
two-fold degeneracy which should become resolved in the di- and tetra-deutero-compounds, the relevant single 
lines in the Raman spectra of benzene and hexadeuterobenzene become replaced by strongly overinpped 
doublets in the spectra of the di- and tetra-deuterobenzenes (cf. Part XV, this vol., p. 248).* 


* The strong ovens must tend to reduce the apparent frequency separation, and, accordingly, our estimated 
separations may be a little low. 
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The problem of deciding which member of the split pair of E,*+-like carbon bending frequencies of 1 : 4-di- 
deuterobenzene belongs to the A, symmetry class, and which to the B,, class, and likewise which of the corre- 
sponding pair of frequencies of i: 2: 4: 5-tetradeuterobenzene has to be assigned to each of these symmetry 
classes, is difficult. In principle the degree of polarisation of the Raman lines could provide a distinction, but 
in practice the difference is too small, and the overlapping of the lines too great, for diagnostic purposes. The 
following argument may, however, be submitted. 

We have given in Fig. 1 of Part XI approximate graphical representations of the normal co-ordinates of 
components of the degenerate E,+ carbon bending vibration of the Dg, benzene model (this vol., p. 231). The 
diagrams are based on the demonstrated separation of the E,+ vibrations to produce inter alia a nearly pure 
carbon bending vibration (Part VIII, loc. cit.). The normal Co-ordinates of these D,, benzene vibrations are 
so chosen that the “‘ a ’’ vector diagram has the same symmetry as the A, class, and the “ 6’ diagram the same 
symmetry as the B,, class, of vibrations of the V, benzenes. We then find that those hydrogen atoms of 
benzene which become deuterium atoms in 1 : 4-dideuterobenzene are depicted as remaining stationary in the 
“}” diagram, but as having more motion than the other hydrogen atoms in the ‘‘a”’ diagram. If the mole- 
cular behaviour were exactly as described, we should expect that the B,, carbon bending frequency of 1 : 4-di- 
deuterobenzene would be exactly the same as the E,+ frequency of benzene, whilst the corresponding A, 
frequency would be significantly reduced. The diagrams are, of course, not strictly exact, but they do suggest 
that we should assign the lower of the split frequencies of 1 : 4-dideuterobenzene to the A, carbon bending 
vibration, and the,one which more nearly approximates to the benzene frequency to the corresponding By 
vibration. Bya similar argument, in which the comparison is between the normal co-ordinates of 1: 2: 4: 5- 
tetradeuterobenzene and hexadeuterobenzene, we are led to assign the upper of the split pair of frequencies of 
the tetradeutero-compound to the A, vibration, and the lower one to the B,, vibration. 

The above argument by itself could not be regarded as conclusive because the frequency differences are 
really too small to be discussed safely on the basis of approximate normal co-ordinates. However, the con- 
clusions are supported by two other indications. One is that they lead to better product ratios than would 
be obtained if the assignment of the members of either doublet were reversed. The other is that they assign 
the slightly stronger member of each doublet to a vibration of the totally symmetrical class, and we might 
expect on general grounds that any observable difference of intensity between the doublet members would 
be in this direction. 

The frequencies assigned to the E,+-like carbon stretching vibrations of 1 : 4-dideutero- and 1: 2:4: 5- 
tetradeutero-benzene similarly make a smooth sequence with the analogous E,+ frequencies of benzene and 
hexadeuterobenzene : 


Som. 


E,* and carbon stretching C,H,g. 1: 4-C,H,D,. 1:2:4:5-C,H,D,. 


(1596) 1587-0, 1569-3 1572-1, 1564-0 1551-5 


The correspondence between the frequencies, as well as the intensities and polarisations of these Raman lines, 
and the splitting in the di- and tetra-deutero-compounds of a frequency which is degenerate in benzene and 
hexadeuterobenzene, make the assignment quite certain. (Here it should be mentioned that the degenerate 
benzene frequency actually appears as a doublet for the special reason that the unperturbed fundamental 
frequency, 1596 cm.-, is accidentally degenerate with a combination tone of a type with which it can interact, 
with mixing of the wave-functions and a splitting of the frequencies.) 

Referring to the forms of the E,+ carbon stretching vibrations of the D,, benzene model, as depicted in Fig. 1 
of Part XI (this vol., p. 231), we may, as before, compare the “‘ a ’’’ diagram, considered now as an approximate 
picture of the E +-like carbon stretching vibration of the A, class of the V;, benzenes, with the “b>” diagram, 
regarded as a similarly approximate representation of the corresponding vibration of the B,, class. Since 
those CH-groups of benzene which become CD-groups in 1 : 4-dideuterobenzene, and those CD-groups of 
hexadeuterobenzene which become CH-groups in 1: 2:4: 5-tetradeuterobenzene, have no motion in the 

a’”’ diagram, but have more motion than other CH- or CD-groups in the “ b”’ diagram, we might expect that 
the upper member of the split pair of frequencies in 1 : 4-dideuterobenzene, and the lower member of the split 
pair in 1 : 2: 4: 5-tetradeuterobenzene, will belong to the A, class of vibrations. We recognise, however, that 
this is not a conclusive argument, applied, as it is here, to ‘only slightly separated frequencies. 

As regards 1 : 4-dideuterobenzene the above tentative allocation of the doublet components between the 
A, and B,, classes is confirmed by the fact that it gives better product ratios than its alternative. It is also 
confirmed ‘1 by the intensities, since the upper frequency, which we assign to the A, class, appears with sub- 
stantially greater intensity than its companion. However, there is disagreement with respect to 1:2:4:5-. 
tetradeuterobenzene. Here again the upper frequency of the doublet appears with distinctly greater intensity 
than jts companion; also an assignment which places the upper frequency in the A, symmetry class yields 
better product ratios than its alternative. Whilst no completely certain conclusion can be reached, we are 
inclined to put more faith in these experimental indications than in the argument based on a comparison of 
approximate normal co-ordinates. 

The markedly wider frequency separation of the dideutero- than of the tetradeutero-benzene doublet 
may be occasioned by a small dynamical interaction between the parent D,, forms of the two carbon stretching 
frequencies of the A, class, viz., the E,+-like and A ,,-like frequencies. This would have the effect of modifying 
the conclusions that might be drawn from a consideration of approximate normal co-ordinates. The 4,,-like 
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frequencies, because of the great intensity with which they appear, might not be appreciably displaced by 
interaction, but the E,+-like carbon stretching frequencies could be significantly raised, thus widening the 
doublet in 1: 4-dideuterobenzene, but closing it up, or even causing the components to cross over, in 1 : 2: 4: 5- 
tetradeuterobenzene. An alternative theory assumes a disturbance due to near-degeneracy with combination 
tones between the A,,-like carbon frequency and the two E,+-like carbon bending frequencies. Interaction 

apart, these two combination frequencies should fall between the members of the fundamental doublet in 
1 : 4-dideuterobenzene, but below the lower doublet frequency in 1: 2:4: 5-tetradeuterobenzene. Each 
combination tone would be allowed by symmetry to interact with one of the fundamentals of the doublet. 
Interaction would thus spread out the former doublet, but might compress, or even invert, the latter. The 
combination tones appear, with appreciably displaced frequencies, as satellites to the doublet in the spectrum 
of the tetradeutero-compound. The fact that they cannot clearly be distinguished in the dideuterobenzene 
spectrum is no evidence against the theory, because each combination tone might be so displaced by the 
interaction as to be obscured under that fundamental with which it does not interact. 

The normal co-ordinates of the three A, carbon vibrations are illustrated by the vector diagrams (I), (II), 
and (III), in which either A represents deuterium and B protium, or vice versa. The small figures denote 
approximate amplitudes, which are relative within each diagram. In order to avoid confusion they are given 
only for 1 : 4-dideuterobenzene : how they should be changed to suit the case of 1 : 2: 4 : 5-tetradeuterobenzene 
will be obvious. 

The six Dg, vibrations from which the A, vibrations of the V, model can be regarded as being derived 
include one hydrogen bending vibration and. two hydrogen stretching vibrations. The hydrogen bending 


13 


(I.) (II) (III) 
C,H,D,, 978-0 cm"! C,H,D,, 596-6 C,H,D,, 1587-0 cm 
C,H,D,, 960-9 C,H,D,, 589-0 C,H,D,, 1572: 1 cm. 


vibration belongs to the E,+ symmetry class and is degenerate, but its particular normal co-ordinate which we 
label “‘ a’’ has the appropriate symmetry. On reduction of the symmetry of the model from D,, to V,, this 
vibration would in principle undergo modification by interaction with others of the A, class; but we know 
that the three carbon vibrations of this class are very little modified, and it is obvious that there can be very 
little interaction with hydrogen stretching vibrations of much higher frequency. Thus the form of the single 
hydrogen-bending vibration should be preserved almost unchanged in the A, class of V, vibrations. But 
according to our approximate vector diagram of this D,, vibration (Part XI, Fig. 1, this vol., p. 231) the hydrogen 
atoms whose masses are changed, when we replace benzene by 1 : 4-dideuterobenzene or hexadeuterobenzene 
by 1: 2:4: 5-tetradeuterobenzene, do not move. To this approximation, therefore, the 4, hydrogen bending 
frequency of 1 : 4-dideuterobenzene should be identical with the E,+ hydrogen bending frequency of benzene; 
and the analogous A, frequency of 1: 2:4: 5-tetradeuterobenzene should be the same as the corresponding 
E,* frequency of hexadeuterobenzene. Prominent Raman lines are found in the expected positions: the 
correspondence in frequency, intensity, and polarisation is such as to leave no doubt about their identity : 
‘ma 1178-0 1173-0 862-2 867-2 

Kasia and Lord record the 1 : 4-dideuterobenzene line as a doublet; but it is not, as we shall show 
_ presently; and there is no reason why it should be, since the “‘b’’ member of the degenerate E,+ hydrogen 
bending vibration becomes a component of the B,, symmetry class, which contains another hydrogen bending 
frequency, and therefore provides opportunity for strong interaction and a large frequency displacement. 

The remaining D,, vibrations from which we have to compose the A, vibrations of the V;, rp consist 
of two hydrogen stretching vibrations, the totally symmetrical A,, hydrogen vibration, and the “ a’”’ com- 
ponent of the degenerate E,+ hydrogen stretching vibration. These vibrations must undergo rr mutual 
modification in the partly deuterated benzenes, because the coupling of the individual protium and deuterium 
motions through a structure of intermediate heavier atoms is insufficient to force them into comparable ampli- 
tudes at a common frequency : either the protium atoms must vibrate and the deuterium atoms remain nearly 
stationary, or vice versa. Thus initial normal co-ordinates, similar to those of the A,, hydrogen and E,+(a) 
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hydrogen stretching vibrations of D,, benzenes, pass under V, symmetry into combinations of the form 
Ag + E,*+, one of which represents an almost pure protium stretching vibration, and the other an almost pure 
deuterium stretching vibration. The presence of A,, character in the combination ensures that the Raman 
lines will be very strong and considerably polarised. 

In the Raman spectra these frequencies are found in the expected positions; they appear very strongly, 
and with marked polarisation : 

Ay + E,*-like hydrogen stretching frequencies, ...... { 5 

The polarisation identifies these frequencies with certainty, even though the protium frequency in 1 : 4-di- 
deuterobenzene and the deuterium frequency in 1: 2:4: 5-tetradeuterobenzene are represented by com- 
ponents of doublets. They are the stronger components by a factor of about 3-fold, their weaker companions, 
at 3042 cm.-! in the dideutero- and at 2272 cm.- in the tetradeutero-compound, belonging to the B,, class of 
vibrations, 

The approximate normal co-ordinates of these A, hydrogen vibrations are shown in diagrams (IV), (V), 
and (VI). As before, amplitude indications are given for the case of 1 : 4-dideuterobenzene : it is easy to see 
what they should be for 1: 2: 4: 5-tetradeuterobenzene. ¥ 


(IV.) (V.) ( VI.) 


C,H,D;, 1173-4 C,H,D,, 2280-0 C,H,D,, 3055-0 
C,H,D,, 862-2 cm,"1 C,H,D,, 3045-0 C,H,D,, 2285-0 cm,-1 


The reason why three of the vibrations of this symmetry class are represented by Raman lines which are 
indistinguishable from ordinary depolarised lines, even though the vibrations are totally symmetrical with 
respect to V;, symmetry, will be clear. The normal co-ordinates of these particular vibrations are closely 
similar to those of the E,+ vibrations of a D,, benzene; there is little or no admixture of A,, character. In 
these vibrations of the D,, model the principal axes a, b, and c of the polarisability ellipsoid remain fixed in the 
x, y, and z directions and the changes of magnitude which accompany displacement in the normal co-ordinate 
are such that the average, (a + b + c) /3, remains constant (Aa = —Ab; Ac=0). The same will be very 
nearly true for the E,*+-like A, vibrations of the V; model, and hence the depolarisation factor will be very 
nearly 6/7. 

The ad assignments of A, frequencies may be tested by means of the product rule: . 


991-6 x 605-6 x 1596 x 1178-0 x 3061-9 x 3046-8 
ig Eg* (CoH) _ = 1-392 (harm 
~ 978°0 x 6066 x 15870 x 1173-4 x 2280-0 x 3055-0 139 (harmonic value, 1-414) 
_ 978-0 x 596-6 x 1587-0 x 1173-4 x 2280-0 x 3055-0 
~ x 689-0 x 16721 x 8622 x 30450 x 2285-0 (harmonic value, 1-414) 
_ 960-9 x 589-0 x 1572-1 x 862-2 x 3045-0 x 2285-0 
9432 x x 16515 x 8673 x 2202-6 x 22649 1408 (harmonic value, 1-414) 


The By, Fundamental Frequencies.—Before discussing the assignment of these frequencies it is necessary 
to refer in more detail to some of the already noted differences between Langseth and Lord’s experimental 
record (loc. cit.) and our own. 

In the Raman spectrum of 1 : 4-dideuterobenzene these authors record a line at 1166-6 cm.', which they 
estimate to be about half as strong as the close-lying line at 1175-4 cm., They agree with Redlich and Stricks, 
and with ourselves, that the latter is an A, fundamental frequency. However, they assign the frequency 
1166-6 cm. as a B,, fundamental frequency, whereas we shall conclude that this frequency does not exist. 

Microphotometric records of the relevant region of the spectrum are reproduced in Figs. la, 1b, and le. 
They are on the same scale of frequency. The A, frequency which Langseth and Lord measure at 1175-4 
cm.-, and which we find at 1173-4 cm.-!, is marked ‘‘ A” on the records. It is excited by the near-violet line, 
Hg 4358-34 a. The line which appears on two of the records, and is marked “‘ B,”” would have the frequency 
1168-1 cm.-}, if excited by Hg 4358-34 a., or 2935-4 cm. if excited by the far-violet, Hg 4046-56 a. The 
different records were obtained from plates in exposing which different light filters (see under Fig.) were inserted 
between the mercury lamp and the Raman tube (cf. Part XV, this vol., p. 247). If the Raman lines, A and B, 
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both originated in the same exciting line, Hg 4358-34 a., the ratio of their intensities should remain the same 
under the three conditions of excitation. Clearly, it does not. On the other hand, if line B should originate 
in Hg 4046-56 a., then it would follow from the absorption characteristics of the filters employed that, relatively 
to line A, the intensity of line B should be diminished by the cobalt filter, and reduced to vanishing by the 
nitrite filter—exactly as we find. The line B therefore has the frequency 2935-4 cm. (we assign it as the 
first overtone of an infra-red fundamental frequency, see Table I); and the symmetry of the microphotometric 
contour in Fig. 1c shows that no frequency of about 1167—1168 cm.-! can be assumed to be obscured under 
this much higher frequency in plates such as those which yielded Figs. la and 1b. Obviously the Raman line 


which Langseth and Lord recorded as having frequency 1166-6 cm. is really the overtone of frequency 
2935-4 cm.-. 


Fic. 1. 
A B A A 
L 


(a) (c) 


Microphotometric records of the region ca. 1160—1185 cm.-1 from Hg 4358-34 a. of the Raman spectrum of 1 : 4-dideutero- 
benzene, (a) with praseodymium filter, (b) with cobalt filter, (c) with nitrite filter (2 cm. of saturated aqueous sodium 


nitrite). 
A = 1173-4 cm.-' from Hg 4358-34 a. 
B( = 1168-1 ) = 2935-4 cm.-1 from Hg 4046-56 a. 


Next we give the evidence for the existence of a line which Langseth and Lord do not report, but which 
appears in our records with a frequency of 1309-0 cm.-1. The importance of this frequency is that, if it can 
be established, it cannot be anything other than a fundamental frequency of the B,, class. 


Microphotometric traces of the relevant part of the spectrum are reproduced in Figs. 2a, 2b, and 2c. They 


Fic. 2. 
BA F 


Microphotometer records of the region ca. 1220—1340 cm.-! from Hg 4358-34 a. of the Raman spectrum of 1 +: 4-dideutero- 
benzene, (a) with praseodymium filter, (b) with 1 cm. nitrite filter, (c) with 2 cm. nitrite filter. 


A = 1173-4 from Hg 4358-34 a. 

E = 1267 cm.-1 

F = 1309-0 cm- 

B( = 1168-1 cm.-1 = 2935-4 cm.-1 from Hg 4046-56 a. 


C( = 1287-7 cm.-1 = 3055-0 cm.-1 
D( 1275 cm.~* ” > 3042 cm.-* ” ” 
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are on the same scale of frequency. The plate which yielded the record of Fig. 2a was taken with the prase- 
odymium filter. Line A is the line of frequency 1173-4 cm.-* excited by Hg 4358-34 a. The lines labelled B, 
C, and D are all excited by Hg 4046-56 a. Line B is the overtone, 2935-4 cm.-', already mentioned. Line C 
represents the very strong, totally symmetrical, protium stretching vibration of frequency 3055-0 cm.-. 
It has been over-exposed with the result that its companion D, corresponding to the non-totally symmetrical 
vibration of frequency 3042 cm.-', appears only as a change of slope in the microphotometric contour. In the 
plate which gave the record of Fig 2b the whole Raman spectrum excited by the line Hg 4046-56 a. has been 
greatly weakened by the use of a 1-cm. layer of saturated sodium nitrite solution as filter. Line B has almost 
disappeared; line C is now weaker than line A, and line D, now almost resolved from C, is weaker still. An 
additional fairly prominent line now appears at F, partly overlapped by C, and another weaker and unresolved 
line at E. In exposing the plate which gave the record of Fig. 2c the nitrite filter was doubled in thickness. 
The line C has still just registered, but it must be inferred from its weakness that line D, and indeed, all other 
Raman frequencies excited by the line Hg 4046-56 a., have vanished. There remain the lines E and F, the 
frequencies of which (means of several measurements) are 1267 cm.-* and 1309-0 cm.-' respectively. Line E is 
assigned as a first overtone (see Table I, p. 273). Line F is assigned as a fundamental. Its presence is clearly 
established in the records of Figs. 2c and 2b; and in Fig. 2a a slight change of slope in the trace can be seen, 
which is undoubtedly due to this line. 


Fic. 3. 


G 


(a) 


Microphotometer records of the region ca. 920—1000 cm.-} from oe A. of the Raman beg: of 1:2:4:6- 


tetradeuterobenzene; (a) from somewhat strongly exposed plate, (b) from more weakly exposed plate, both with strong 
nitrite filter. 


E = 929-7 cm.-1 from Hg 4358-34 a. 
F = 954 cm.-! 

G = 960-9 cm.-1 

H = 972 cm.-1 

I = 984 


The remaining experimental points of difference which affect the assignment of B,, frequencies relate to 
the Raman spectrum of 1: 2:4: 5-tetradeuterobenzene. Reference is necessary in particular to the region 
around the carbon-ring ‘‘ breathing frequency,” 960-9 cm.-'. On the low-frequency side of this line, Langseth 
and Lord report a line at 949-9 cm.-*, which we do not find, whilst, as to the high-frequency side, they say 
nothing about two satellites, at 972 and 984 cm.-", which, though overlapped, are very obvious on our photo- 
graphs. We do suspect the existence of a satellite on the low-frequency side of the main line, but at a smaller 
separation than Langseth and Lord’s reported line would have. Unfortunately, the presence of such a satellite 
cannot be decided unambiguously on purely experimental grounds, and an attempted decision is inevitably 
influenced by the theoretical expectation of a B,, fundamental frequency within a very few wave-numbers of 
the breathing frequency. The matter being at present one for judgment, we reproduce a sample of the evidence 
in the form of microphotometer records of the relevant region of two spectrograms taken with different lengths 
of exposure (Fig. 3,a@ and b). The strong-intensity maximum, marked G, belongs to the breathing frequency, 
960-9 cm.-?, whilst the much weaker maximum, E, represents an out-of-plane fundamental frequency, 929-7 
cm.-', which will be considered later. On the high-frequency side of the strong line one sees (H and J) the two 
satellites, 972 and 984 cm.-, in Fig. 3a. The former is clearly the stronger, and it is the only one of the two 
which is visible (H) on the lightly exposed plate from which the record of Fig. 3b was obtained; and it is here 
better resolved, because of the narrower contour of the main line. Its frequency separation from the main 
line is 11 cm.-", just the same as that of Langseth and Lord’s reported line on the low-frequency side. There is, 
however, clearly no line, of intensity equal to or greater than that of the line at 972 cm.-', at an equal separation 
on the other side of the main line, i.¢., at about 949-9 cm... On the other hand, there may be a rather weak 
line at 954 cm.-', only 7 cm.-* from the centre of the main line, and so far buried beneath it as to be on the 
limits of observability. There seems always to be slight disturbance in this region to the densitometric contour 
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of the main line. In Fig. 3a it can be discerned (F) as an incipient shoulder reaching well up the side of the 
heavily exposed main line, and, in Fig. 3b, as an incipient shoulder (F) affecting the observed slope only in 
the lower part of this narrower contour. 

Originally we assigned the line at 972 cm.“ as the expected B,, fundamental frequency, but the alternative 
frequency, 954 cm.-*, if real, gives much better product ratios, and, as the evidence for this frequency 
strengthened, we have tended to favour its assignment to the B,, fundamental vibration. Unfortunately, 
neither assignment can be conclusively established at the present time, if only because all these satellites of the 
carbon breathing frequency have alternative explanations as fundamental frequencies of heavy carbon mole- 
cules. There could be four such frequencies, two for vibrations similar to the A 1y carbon vibration of benzene, 
and two representing vibrations corresponding to the B,, carbon vibration of benzene. One of each pair 
would belong to a molecule with the heavy carbon atom on the two-fold symmetry axis, and the other to a 


Fic. 4. - 


GH 


J K .L 
| { | 


| 
g 
Record of part of the Raman spectrum of 1: 2:4: 5-tetradeuterobenzene. Plate taken with 1 cm. nitrite filter. Lines 
marked with capital letters ave excited by Hg 4358-344. The lines labelled with lower-case letters arise the other 
excitations noted below. 
From Hg 4358-34 a.: 
C = 767-1 cm.” H = 972 cm, L = 1140-3 cm. 


D = 862-2 cm.-1. I = 984 cm.-}. M = 1232:3 cm}. 
E = 929-7 cm.—}. = 1057 cm". N = 1255-3 cm.-}. 
G = 960-9 = 1098-1 cm.-. 


From Hg 4347-50 a. : g = 960-9 cm.-!. 

From Hg 4046-56 a. : z = 3045-0 cm.-}. 
molecule with the C atom off this axis. The satellites 972 and 984 cm. are very likely to be B,,-like 
frequencies of heavy carbon molecules, whilst 954 cm. would be a possible value for an A ,,-like frequency of 
one of these molecules. Probably the best way to achieve a decision would be to get some benzene free from 
heavy carbon, a task not beyond the range of modern separative technique. 

We have still to refer to Langseth and Lord’s observations, and to ours, on the intensity of the line at 
1255-3 cm.-! in relation to the intensities of other fundamentals and combination tones, and in particular to 
the intensity of the line at 1140-3 cm. The point of the comparison is that we take the line at 1255-3 cm.-* 
to represent a fundamental frequency, even though it has a possible explanation as a combination tone (589-0 + 
663-6 = 1252-6 cm.-'), whereas Langseth and Lord accept instead the line at 1140-3 cm.-', describing it as 
having an intensity comparable to that of the line of frequency 1255-3cm.-'. A general view of a considerable 
section of the Raman spectrum of 1: 2: 4: 5-tetradeuterobenzene is shown in the microphotometric record, 
Fig. 4. The lines marked with capital letters, C—N, all arise by excitation with Hg 4358-34 a. The frequency 
1255-3 cm.- is labelled N; and it is obviously comparable in intensity with the lines labelled C and E, which 
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both Langseth and Lord, and we, assign as fundamental frequencies. Line N is, moreover, considerably 
stronger than lines J, K, L, and M, which we assign as higher harmonics. Langseth and Lord remark on the 
strength of the line N (1253 cm. according to their measurements), and discuss the possibility of assigning it 
as a fundamental; but they do not actually so assign it, because they cannot thus secure agreement with the 
product rule. We now know that this is because they failed to observe certain other frequencies, both of 
1: 4-di- and of 1: 2: 4: 5-tetra-deuterobenzene, which enter into the relevant product ratio. These frequencies 


‘ having been observed, the product rule points directly to 1255-3 cm. as a fundamental frequency. Langseth 


and Lord take instead the line at 1140-3 cm.-' (1137-4 cm.-", according to their measurements) as a fundamental 
frequency, presumably because they could not see how to explain this line as a combination tone; and also 
because, by correlating its frequency with certain supposed frequencies of 1: 4-di- and 1:2: 4: 5-tetra- 
deuterobenzene, which we have shown not to exist, they could secure agreement with the product rule. We 
shall show that the frequency 1140-3 cm." (if real) can be satisfactorily explained as a summation tone of the 
two inactive fundamental frequencies of 1 : 2: 4: 5-tetradeuterobenzene, the values of which are determined 
in Part XXI (cf. also the next paper, and Table II of this paper). And we do not see how the assignment 
of 1140-3 cm. as a fundamental frequency could now be reconciled with the product rule. Furthermore, we 
differ from Langseth and Lord with respect to the intensity of this line, which we have labelled L in Fig. 4. 
They describe it as ‘‘ moderately strong,”’ and list it as being of about the same intensity as N. As Fig. 4 
shows, we find line L to be considerably weaker than N, and at best comparable in strength with the neighbour- 
ing harmonics, J, K,and M.* Langseth and Lord, whose results suggest that they were dealing with a mixture 
of isotopic forms, do not record line M, and though they do record J and K, both as being weaker than L, 
they list J as having greater intensity than K, whereas we find J to be the weaker line, in agreement with the 
assignments we have suggested for these higher harmonic frequencies (p. 274).| Our work on 1: 2:4: 5- 
tetradeuterobenzene was first carried out, with these results, before the appearance of Langseth and Lord’s 
paper; and it was repeated several years later with a different specimen, with different apparatus, and by 
different experimenters, but again with the results described. ° 

As stated, we differ from Langseth and Lord in regarding the frequency 1255-3 cm.- as a fundamental, even 
though it has a possible explanation as a combination tone. It is, of course, not excluded of general principle 
that some special combination tone may be exceptionally strong; but this is most unlikely to be true of the 
particular combination which could yield the frequency under consideration, 589-0 + 663-6 = 1252-6 cm... 
The fundamental vibration of frequency 663-6 cm.-' is completely identical in 1: 2:4: 5-tetra-, penta-, and 
hexa-deuterobenzene (p. 285). The vibration having the frequency 589-0 cm.-! in 1: 2: 4: 5-tetradeutero- 
benzene is not exactly the same, either in form or in frequency, as the corresponding vibrations of penta- and 
hexa-deuterobenzene; but, as we have already seen, the modification which this vibration undergoes as 
between one benzene and another is very small. Hence we should expect that if the two frequencies, 663-6 
and 589-0 cm.-!, unite to form an especially strongly appearing combination tone in the Raman spectrum 
of 1: 2:4: 5-tetradeuterobenzene, the corresponding frequencies of penta- and hexa-deuterobenzene should 
give rise to combinations which are at least visible in the spectra of these substances. In fact, the analogous 
combination tones cannot be seen at all in our most strongly exposed photographs of these spectra. Thus it 
appears improbable, on grounds of intensity alone, that the observed line of frequency 1255-3 cm. could be a 
combination tone. 

These findings being accepted, we may proceed to the problem of identifying the Raman lines representing 
the five fundamental vibrations of the B,, symmetry class. For convenience, the frequencies of the selected 
lines are here given (in cm), together with their depolarisation factors (in parentheses) : 


C.H.D { 600-9 908-5 1309-0 1569-3 3042 
(0-85) (0-83) (0-8) 

8 954 1255-3 2272 
CHD { (0°88) (0°87) (—) 


These vibrations may be regarded as being formed by interaction between vibrations of the forms of those 
of the A,, and E,+ symmetry classes of the D,, benzene model. The A,, class contains a single hydrogen bend- 
ing vibration, involving in-plane counter-rotatory motion of the carbon and hydrogen hexagons. The E,+ 
class contains, as we have seen, a carbon bending, a carbon stretching, a hydrogen bending and a hydrogen 
stretching vibration. We are, of course, concerned here only with those normal co-ordinates of the degenerate 
E,*+ vibrations which have the symmetry properties required by the B,, vibrations that are to be formed, that 
is, symmetry with respect to a 2-fold z-axis, and antisymmetry with respect to 2-fold x- and y-axes. The 
vector diagrams corresponding to these normal co-ordinates are labelled “‘ b”’ in Fig. 1 of Part XI (this vol., 
p. 231). 


* We have (though we could not reach a conclusion on the point) that the line (L) at 1140-3 cm.~! does 
not belong to 1: 2: 4: 5-tetradeuterobenzene at all, but arises from an isotopic impurity such as 1 : 2 : 4-trideutero- 
benzene; for the relative strength of the line seemed to vary with the sample. Its strongest appearance in any of our 
ape py is that reproduced in Fig. 4, and we have reason to believe that the sample used to obtain it was not the 

of the different samples we have examined. 

+t We have assigned J as a difference tone (Boltzmann factor 0-16); but it might be a forbidden fundamental (the 


eat 1057 cm.~*), contravening the selection rules on account of cohesive forces; in either case it should 
very w 
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We have already dealt by implication with the carbon bending, the carbon stretching and the hydrogen 
stretching vibrations. Their frequencies in 1 : 4-di- and 1: 2: 4: 5-tetra-deuterobenzene have been identifiec 
each as a member of a close doublet, the other component of which belongs to the A, symmetry class. / 
scheme of approximate normal co-ordinates is graphically represented in diagrams (VII), (VIII), and (IX), the 
indications of relative amplitude referring, as elsewhere, to 1: 4-dideuterobenzene. The symbols f and ¢ 
denote factors which are introduced in this scheme to preserve orthogonality and freedom from angular momen- 
tum : fis the distance of a hydrogen atom from the centre of the ring, divided by the distance of a carbon atom 
from the centre of the ring [(CC) + (CH)]/(CC) = 1-78, and ¢ has the value (12 + f*)/(12 + 2f%) = 0-83. 

The ratio of the frequencies, 600-9 and 585-8 cm.-', of the carbon bending vibrations, (VII), of 1 : 4-di- and 
1: 2:4: 5-tetra-deuterobenzene is 1-03, in fair agreement with the simplified picture of this vibration which 
would require the ratio V14 /13 = 1-04. In the carbon stretching vibration (VIII), one observes hardly any 
reduction of frequency in passing from the di- to the tetra-deuterobenzene, and this is clearly because, for either 
molecule, there is more motion per atom in that isotopic type of hydrogen of which the number of atoms is 
smaller. The frequencies entered under the vector diagram (IX) fall within the normal range of protium and 
deuterium stretching frequencies. The protium stretching frequency, as found in this vibration of 1: 4- 
dideuterobenzene, agrees to within a few wave-numbers with that E,+ frequency, 3046-8 cm.-*, of benzene 


itself. This should be so, because both vibrations are represented by the same approximate vector diagram, " 


in which the deuterium atoms of dideuterobenzene do not move. Similarly, the deuterium stretching 
frequency, as found in the corresponding vibration of the tetradeuterobenzene, is very nearly the same as for 
the relevant E,+ vibration of hexadeuterobenzene, 2264-9 cm.-*. 


A f 


‘26 
B 
2 
B 
A 
(VIL) (VIL) (1X,.) 

C,H,D,, 600-9 cm.-! 1569-3 C,H,D,, 3042 
C,H,D,, 585-8 C,H,D,, 1564-0 cm.-? C,H,D,, 2272 


The two component hydrogen bending vibrations, considered as belonging one to the A,, class and one to 
the E,+(b) class of vibrations of the D, model, are expected to mix together to produce two hydrogen bending 
vibrations of different character, in one of which most of the motion is in the protium dtoms, whilst in the 
other most is in the deuterium atoms. 

The selection of these frequencies for 1 : 4-dideutero- and 1 : 2: 4 : 5-tetradeutero-benzene may be made as 
follows. In the Raman spectrum of 1 : 4-dideuterobenzene there are six unassigned lines, all of such strength 
that they must be considered as possible fundamentals. They have the following frequencies (cm.-) : 


634-1 736 849-5 908-5 967 1309-0 


The first two of these might be out-of-plane bending frequencies, but are too low to be B,, frequencies. The 
third is shown (p. 285) by a symmetry argument, involving comparison with the Raman spectrum of benzene, 
to be an out-of-plane bending frequency. The fifth is shown (p. 286) by an argument which is based on the 
product rule, and involves comparison with the infra-red spectrum of 1 : 3: 5-trideuterobenzene, likewise to 
belong to the out-of-plane group of frequencies. The frequencies 908-5 and 1309-0 cm. are thus indicated by 
exclusion to belong to the B,, group of fundamental frequencies, and their selection can be shown to be 
consistent with the product rule. 

The frequencies which similarly come up for consideration in the Raman spectrum of 1: 2: 4: 5-tetra- 
deuterobenzene are as follows (in ¢m.-*) : 


615-1 663-6 767-1 929-7 954 1255-3 


The first three of these might be out-of-plane frequencies, but are too low to be B,, fundamentals. The 
fourth is shown (p. 286), by an argument which is based on the product rule, and involves comparison with the 
infra-red spectrum of 1 : 3 : 5-trideuterobenzene, to belong to an out-of-plane bending vibration. By exclusion, 
the frequencies 954 cm.-' and 1255-3 cm.-* remain for assignment as fundamental frequencies of the B,, class. 
The above assignment leads to the following product ratio : 


_ 600-9 x 1569-3 x 3042 x 908-5 x 1309-0 
 585°8 x 1564-0 x 2272 x 12553 x 954 


The normal co-ordinate diagrams (X) and (XI), in which the indicated relative amplitudes apply, as usual, 


= 1-368 (harmonic value = 1-370) 
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to 1: 4-dideuterobenzene, are only approximate. In particular the small counter-rotatory carbon motions, 
represented as being concentrated in two, or four, carbon atoms, are expected to be in fact distributed over all 
jhe atoms shown as stationary. This is indicated by the frequencies themselves. The ratio of the frequencies 
entered under diagram (X) is 1-38, and the ratio of those given under diagram (XI) is 1-34. Ifthe atoms which 
are represented as stationary were in fact completely uncoupled dynamically from the parts of the molecules 
shown as being in motion, as they would have to be in order to make diagrams (X) and (XI) exactly true, each 
ratio should be about 1-29. On the other hand, if the hydrogen atoms represented as in motion were attached 
to a framework of residual atoms, which could be rotated as a rigid whole, but not deformed, each ratio should 
be about 1-37. This situation is clearly nearer the truth, but it is a difficult one to illustrate by means of 
amplitude formule which are at once simple and satisfy the orthogonality relationship. What we have done 
in order to secure the simple and orthogonal vector diagrams given is to transfer enough hydrogen motion 
from the E,+ hydrogen bending vibration to the E,+ carbon stretching vibration to leave in the former the same 
ratio of hydrogen to carbon motion as exists in the A,, vibration : combination of the hydrogen vibrations 
according to the scheme A,, + E,+ then secures a splitting into a pure deuterium bending, and a pure protium 
bending, vibration—which is certainly a first approximation to the truth, even though, by leaving certain 
atoms completely stationary, it over-simplifies the actual situation. [There will, of course, be corresponding 
errors in the representation given in diagram (VIII) of the carbon stretching vibration : the atoms of each CH- 
group must have more nearly equal amplitudes than is represented.] 


A 
ef 
B 6 B 
B B 
A 

(XI) (XII) 
C,H,D,, 908-5 C,H,D,, 1309-0 cm. 1 C,H,D,, 849-5 


The By, Fundamental Frequencies.—The B,, vibrations of the V;, ‘benzenes involve out-of-plane motion of 
the atoms, and are characterised by symmetry with respect to the two-fold y-axis, and antisymmetry with 
respect to the two-fold x- and z-axes. The two Dq classes of vibrations from which the V, class, B,,, should 
be compounded are those labelled B,, and E,~, with the restriction that we are here concerned only with that 
normal co-ordinate of each degenerate E,~ vibration which has symmetry with respect to the two-fold y-axis. 
Actually the D,, model of benzene has no vibrations in the B,, class, and only one (degenerate) vibration 
in the E,~ class. Thus the B,, symmetry class of the V;, benzene model contains only one vibration, which 
must be identical in form with the appropriate component of the one degenerate E,~ vibration of the D,, 
benzene model. It involves counter-rotatory motions of the carbon and hydrogen hexagons about a common 

-axis. 

: The normal co-ordinate of the B,, vibration can thus be taken directly from Fig. 1 of Part XI (this 
vol., p. 231). It is represented in diagram (XII), in which the amplitude indications refer to 1 : 4-dideutero- 
benzene. From the diagram it is clear that, in this vibration, those hydrogen atoms of ordinary benzene, 
which become deuterium atoms in 1 : 4-dideuterobenzene, do not move. Therefore the frequency of the By, 
vibration of 1: 4-dideuterobenzene must be identical with the frequency of the E,~ vibration of ordinary 
benzene. This has been given as 848-9 cm. (Part VIII, J., 1936, 925). By a similar argument, the frequency 
of the B,, vibration of 1: 2: 4: 5-tetradeuterobenzene must be equal to that of the E,~ vibration of hexa- 
deuterobenzene, the value of which is 661-7 cm.-' (Table I of Part XV, this vol., p. 252). We have encountered 
similar frequency relationships before, for instance, in the vibrations represented in diagram (IX), but hitherto 
only as an approximation, inexactitude being in principle allowed, because of the neglect of interaction with 
other vibrations of the symmetry class. But this time there are no other vibrations in the symmetry class, 
and hence the relationship should be exact—except for such slight disturbances as might arise from inter- 
molecular forces, and apart from the unlikely chance of appreciable interaction with a combination tone. 

These considerations enable the Raman lines corresponding to the B,, vibrations to be picked out at once 
in the spectra of 1 : 4-di- and 1: 2: 4: 5-tetra-deuterobenzene. The spectrum of the former compound has a 
prominent line at 849-5 cm.-!, and that of the latter a strong line at 663-6 cm.-. Since B,, lines of these 
frequencies are required by theory to appear prominently (see below), there can be no doubt that the observed 
lines have the interpretation indicated.* 

It was shown in Part III (J., 1936, 925) that the intensity of the hexadeuterobenzene line at 661-7 cm. 
is greater than that of the benzene line at 848-9 cm.-', though each is alone in its symmetry class. The reason 


.__ .* Similarly the deuterium atom in monodeuterobenzene, and the ——- atom in pentadeuterobenzene, do not move 
in this vibration. Consistently, the Raman spectrum of the former benzene contains the frequency 850 cm.~1, and that 
of the latter the frequency 662-8 cm.~}. 
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was given by Lord and Teller in Part X (J., 1937, 1728) : the reduction in the amplitude of oscillations of the 
hydrogen hexagon in hexadeuterobenzene as compared with benzene, is more than compensated by the increase 
of amplitude of the carbon hexagon, with respect to the effect of each of these oscillations on the amplitude of 
oscillation of the molecular polarisability ellipsoid—which determines intensity. The same reason requires 
that the 1: 2:4: 5-tetradeuterobenzene line at 663-6 cm. be stronger than the 1: 4-dideuterobenzene 
line at 849-5 cm.-'; and the difference certainly is in this direction. The measured intensities are as follows, 
the standard for each benzene being the line of the totally symmetrical carbon vibration, which is given the 
intensity value 10: it is plausible to assume that this line will undergo little proportional variation of absolute 
intensity as between one of these benzenes and another, since it, a carbon vibration, is outstandingly strong, 
and, in these particular benzenes, has no closely neighbouring frequency in the same symmetry class : 


v (cm.-). Benzene. v (cm.*), a, 


1-4 1:2:4:5-C,H,D, 663-6 0-9 


Theoretically, the intensity ratios, CsH,/C,D, and C,H,D,/C,H,D,, should be equal : the deviation from equality 
is not greater than can be attributed to errors in the intensity measurements. Also, the intensity ratios 
C,H,D,/C,H, and C,H,D,/C,D, should each be one-half (the vibrations are doubly degenerate in C,H, and 
C,D,) : the observed ratios do not differ from this value by more than the experimental error. 

The assignment of B,, frequencies may, then, be accepted. The measured frequencies lead to the following 
product ratios : 


(CoH) _ TIB,,(C,H,D,) 663-6 _ 849°5 _ 
11B,,(C.H,D,) 8495 9999 TE, ~ 661-7 ~ 1°00 ~ 663-6 1280 
(harmonic value = 1-000) (harmonic value = 1-000) (harmonic value = 1-285) 


The B,, Fundamental Frequencies.—The three vibrations of this symmetry class involve out-of-plane 
motions of the atoms: and they are symmetric with respect to the 2-fold x-axis of the molecule, but anti- 
symmetric with respect to the 2-fold y- and z-axes. The cognate symmetry classes of the D,, benzenes are the 
B,, and E,~ classes, with the reservation that we are concerned only with that normal co-ordinate of E,~ 
vibrations ‘which has 2-fold symmetry about the x-axis. There are two B,, vibrations, a carbon and a hydrogen 
vibration ; they are trigonally symmetrical, and of the out-of-plane type. The single E,~ vibration involves 
counter-rotations of the carbon and hydrogen hexagons about a common #-axis. By the interaction permitted 
under V;, symmetry, these three vibrations modify each other to produce the three B,, vibrations. The 
frequencies which we assign to these vibrations are the following : 


1: 4-Dideuterobenzene . 736 cm.-1 967 cm. 
1:23:4: 5-Tetradeuterobenzene . 767-1 cm. 929-7 cm. 


Reference is here necessary to an aceite point. The moderately intense line 615-1 cm.-! in the 
spectrum of 1: 2:4: 5-tetradeuterobenzene is not recorded by Langseth and Lord (loc. cit.). Instead they 
report two weak lines at 605-3 and 630-3 cm.-! which we have not been able to find. Our line is quite prominent; 
and no weak lines are visible in the trough of intensity on either side of it. We obtained this result originally, 
and again, after an interval of some years, with different material and apparatus. 

The prominent low frequencies, 634-1 cm.-! in dideuterobenzene and 615-1 cm.-! in tetradeuterobenzene, 
cannot be anything except out-of-plane fundamental frequencies of the B,, class. The middle frequencies, 
736 cm. and 767-1 cm.-', are indicated, by their values and the intensities with which they appear, as probable 
members of the class, and the upper frequencies, 967 cm. and 929-7 cm.-', as possible members. These 
selections are unequivocally indicated by comparison with the frequencies of the infra-red parallel bands of 
1: 3: 5-trideuterobenzene (preceding paper). The three vibrations, A,’’, whose frequencies are known from 
these bands, are derived from the A,, and B,, vibrations of the D,, benzene model. The single 4,, frequency 
of benzene, or of hexadeuterobenzene, being ‘fnown from its appearance in the infra-red spectrum, we can use 
the product rule to calculate the product of the two B,, frequencies (which are inactive in benzenes of the 
D,, model). Then, knowing this product for benzene or ‘hexadeuterobensene, and knowing the E,~ frequency 
from its occurrence in the Raman es we can use the product rule to calculate the product ‘of the three 
B,, frequencies of 1 : 4-di- or 1: 2: 4: 5-tetra-deuterobenzene. Thus we have 


TIA,” (C,H3D,) 533 x 691 x 915 


Hence ITB,,(C,H,) = 689,600cm.-*. This leads to 
TIE,~Byy(CgH,) _ 848-9 x 689,600 


It follows that ITB,,(C,H,D,) = 44-5 x 10° cm.*. The product of the selected dideuterobenzene frequencies 
is 634-1 x 736 x 967 = 45:1 x 10°cm-*. The agreement is good, and no other selection from the frequencies 
of 1 : 4-dideuterobenzene listed on p. 284 would give even a rough agreement. Similarly, from the observed 
A,, and E,~ frequencies of hexadeuterobenzene, we can calculate ITB,,(C,D,) = 494,000 cm.-*, and from this, 


= 1-373 (assumed, the harmonic value being 1-387). 


= 1-316 (assumed, the harmonic value being 1-324). 
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TIB;,(C.H,D,) = 43-2 x 10°. The product of the selected frequencies of 1: 2:4: 5-tetradeuterobenzene is 
615-1 x 767-1 x 929-7 = 43-9 x 10° cm.-*. Again, the agreement is excellent, and no other selection from 
the tetradeuterobenzene frequencies on p. 284 would give any kind of agreement. 


A I A 
B B B 
| 
| i2 
B B B B 
A A 
( XTI1.) ( XIV.) (XV.) 
C,H,D,, 634-1 C,H,D,, 736 cm.-? C,H,D,, 967 
C,H,D,, 615-1 C,H,D,, 929-7 cm.+ C,H,D,, 767-1 cm.-1 


A direct application of the product rule to the assigned B,, frequencies leads to the following confirmatory 
result : 


T1By(CoH,D,) __ 634-1 x 736 x 967 
616-1 x 767-1 x 9297 


The normal co-ordinates of the three vibrations can be approximately determined by the method illustrated 
already several times in this and the preceding papers. Remembering that the valency structure of benzene 


Fic. 5. 
Ww u U 
H 


= 1-029 (harmonic value = 1-032). 


D Cc B A 
Microphotometer record of part of Raman spectrum of 1 : 4-dideuterobenzene, taken with unfiltered mercury light. Lines 


labelled at the bottom of the photograph are excited by Hg 4358-34 a., those labelled at the top by Hg 4046-56 a. (in one 
case by Hg 4077-8 A.). 


From Hg 4358-34 a. : From Hg 4046-56 a. : From Hg 4077°8 a. : 
A = 596-6—600-9 cm.-}. U = 2280-0 u = 2280-0 cm.-1. 
B = 634-1 V = 2395-4 cm.—. 

C = 736 W = 2582-7 cm.-}. 


D = 849-5 cm. 


will secure that the B,, carbon vibration of the Dg, model will contain a larger proportion of hydrogen motion 
than is normal for carbon vibrations, and that, as the orthogonality principle then determines, the B hydrogen 
vibration will contain a correspondingly smaller proportion of hydrogen motion, we so adjust the carbon and 
hydrogen amplitudes in these vibrations that the latter, by sum-and-difference combinations with the E 
vibration, will produce forms representing pure protium or pure deuterium vibrations when applied to 1 ie 
dideutero- or 1: 2: 4: 5-tetradeutero-benzene. The resultant vector diagrams are shown in (XIII), (XIV), 
and (XV). As usual, the amplitude indications are given for the case of the 1 : 4-dideutero-benzene only (fand¢ 
have the meanings specified on p. 284). 
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There can be no doubt as to which observed frequencies correspond to each of these diagrams. We would 
naturally have tried to assign the lowest frequency in each group of three to the B,, carbon vibration, (XIII), 
since all calculations based on assumed force fields yield low values for out-of-plane carbon frequencies. Actually 
this assignment is forced upon us, because only by adopting it can we obtain acceptable ratios for the frequencies 
of the remaining, approximately isomorphous, protium and deuterium vibrations. Further, the frequency 
ratio 634-1/615-1 = 1-03 agrees satisfactorily with expected ratio of about 1-05. Diagram (XIV) will corre- 
spond to the lower of the remaining two frequencies of 1 : 4-dideuterobenzene (deuterium motion), and the 
upper of the two of 1: 2:4: 5-tetradeuterobenzene (protium motion). The ratio 929-7/736 = 1-26 is in 
satisfactory agreement with the calculated ratio 1-29. To diagram (XV) will belong the remaining frequencies, 
and their ratio, 967/767-1 = 1-26, is also in satisfactory accord with the calculated ratio, 1-29, for isomorphous 
protium and deuterium vibrations of this type. : 

Raman-active Overtones and Combination Tones.—The selection rules for higher harmonics in the Raman 
spectrum of V;, benzenes are simple: all first overtones are allowed, and so also are all combination tones 
formed from two “‘ gerade,’’ or two “‘ ungerade,”’ fundamental frequencies. Combinations between a “ gerade ” 
and an “‘ ungerade ’’ fundamental frequency are forbidden in the Raman effect. 

The higher harmonics observed in the Raman spectra of 1 : 4-di- and 1: 2: 4: 5-tetra-deuterobenzene are 
assigned in accordance with these rules in Tables I and II (pp. 273, 274). A number of first overtones appear, 
and it is notable that they include several which correspond in the two spectra. 

We must refer specially to a combination tone, which appears at 2582-7 cm.-! in the Raman spectrum of 
1: 4-dideuterobenzene. It is remarkable for its intensity, and the fact that the line is far removed from any 
fundamental line, from which it could have derived intensity by resonance if it had lain close enough in 
frequency. Weintend to make use (in another paper) of this combination tone for the purpose of developing an 
argument relating to one of the inactive fundamental frequencies of benzene. Since neither Redlich and 
Stricks nor Langseth and Lord (locc. cit.) report this Raman line, we here establish its existence with the aid of 
the microphotometric record of Fig. 5. This record is made from a plate in exposing which unfiltered mercury 
light was used, so that the line 2582-7 cm.-! (marked W in Fig. 5), as excited by Hg 4046-56 a., could be visually 
compared as to intensity with some fundamental lines (e.g., those marked C and D in Fig. 5), which, as excited 
by Hg 4358-34 a., appear in the same part of the spectrogram (the two exciting mercury lines are of the same 
order of intensity). 

The same microphotometer trace shows that there is no line of moderate intensity at 2261 cm.-1, as stated 
by Langseth and Lord. 
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63. Structure of Benzene. Part XIX. The Infra-red Spectra of 1: 4-Di- 
deuterobenzene and 1:2:4: 5-T'etradeuterobenzene : Description and Analysis. 


By C. R. Battey, S. C. Carson, R. R. Gorpon, and C. K. INGoLpD. 


The infra-red a spectra of 1 : 4-dideuterobenzene and 1 : 2: 4: 5-tetradeuterobenzene have been 

mapped over a range of wave-lengths, 3—27p, large enough to include the bands arising from ali the 13 active 

fundamental vibrations. Bands representing 21 vibration frequencies have been observed in each of the two 
tra; and a number of the bands have been resolved with respect to their rotational branches. 

The bands belonging to 12 of the allowed fundamental vibrations have been specifically identified in each 
spectrum. For the thirteenth allowed fundamental vibration there are several possible bands in either spectrum, 
and a definite assignment is deferred pending comparison with the infra-red spectra of other y deuterated 
benzenes. The assignments offered are based on the observed frequencies, intensities, and band contours, 
considered in the light of the theoretical rules, and our empirical knowledge of the spectral regions in which 
frequencies corresponding to particular types of vibration should appear. Confirmation arises from comparisons 
of the frequencies of the two compounds with one another, and with relevant frequencies of benzene, 
hexadeuterobenzene, and 1 : 3 : 5-trideuterobenzene : such comparisons are made with the help of the product 
tule of Teller and Redlich. Use is also made of considerations relating to the normal co-ordinates of the 
vibrations, and a scheme of approximate but orthogonal normal co-ordinates is given. 

These 13 allowed fundamental vibrations belong to the series of 15 ‘‘ ungerade ” fundamental vibrations 
which 1 : 4-dideuterobenzene and 1 : 2: 4: 5-tetradeuterobenzene, in accordance with their symmetry, must 
each possess. The remaining 2 ‘‘ ungerade ”’ vibrations are forbidden both in the infra-red and in the Raman 
spectrum. However, their frequencies in 1: 4-dideuterobenzene and 1: 2:4: 5-tetradeuterobenzene are 
known, on account of an argument which identifies their normal co-ordinates with those of certain vibrations 
of benzene and hexadeuterobenzene, and makes use of observed higher harmonic frequencies in the infra-red, 
Raman, and fluorescence spectra of the last two substances. : \ 

The fundamental frequencies, identified in this and the preceding paper, permit an assignment, agreeing 
with the selection rules, of all the higher harmonic frequencies appearing in the infra-red spectra of 1 : 4-di- 
and 1: 2: 4: 5-tetra-deuterobenzene. 


No connected account of the infra-red spectra of 1 : 4-dideuterobenzene and 1: 2: 4: 5-tetradeuterobenzene 
has yet been given, although a few brief references have been made to observations on individual frequencies 
(Ingold, Z. Elektrochem., 1938, 44, 20; Proc. Roy. Soc., 1938, A, 169, 149). We now describe these spectra, 
studied, as they have been, in absorption by the vapours of the two compounds over a range of wave-lengths, 
3—27p, sufficient to include all the active fundamental frequencies. 
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The samples of the di- and tetra-deuterobenzene used were those which were prepared by Wilson and his 
collaborators, as recorded in Parts XII and XIII (this vol., pp. 235, 239). The spectrometric apparatus and 
methods were as described in Parts IV and XVI (J., 1936, 931; this vol., p. 252). 
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Absorption bands were traced with the vapours at various pressures between 0-5 cm. and 7-0 cm. in an 
absorption tube 45 cm. long. The main general surveys were carried out with the vapour of 1 : 4-dideutero- 
benzene at 3 cm., and that of 1: 2: 4: 5-tetradeuterobenzene at 4cm. pressure. General maps of the spectra 
on a frequency scale are given in Figs. 1 and 2. In each diagram the continuous curve represents an average 
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of data derived from several general surveys, as well as numerous detailed tracings of particular bands. The 
bands shown represent 21 vibration frequencies in each spectrum. A number of the bands have been resolved 
into their rotational branches. 

Numerical details are given in the first five columns of TablesI and II. In each table the first two columns 
refer to individual intensity maxima, whilst the third records the frequency of the vibration responsible for 
each vibration-rotation band. As a guide to band type, there is recorded next the separation in cm.-' of the 


TaBL_E I, 
Infra-ved Spectrum of 1: 4-Dideuterobenzene and Assignment. 


% . Symmetry 
Wave-length Frequency Q or PR- PR-— Absorption; ‘ Symmetry of com- 
(u). (cm.-}), mean. diff. p=3cm. Assignment. class. ponents. 


26-4 379 ca. 367 —- ca. 14 Fundamental By, 
16-75 597 597. 25 90 Fundamental Buy on 
Fundamental 
Fundamental 
Fundamental 
Fundamental 


Fundamental 


~~ 597 + 634 = 1231 
597 + 736 = 1333 Boy 
367 + 967 = 1334 


Fundamental 


Fundamental 


970 + 634 = 1604 Aw By 
5-845 1711 1711 - 5 404 + 1309 = 1713 i (‘eae 

814 + 909 = 1723 Buu 
5-801 1724 1724 on 21 876 + 849 = 1725 Boy By Bay 
5-522 1811 1811 _ 23 970 + 849 = 1819 Buy Aw Bay 
5-217 1916 1916 - 992 + 909 = 1901 Boy Paty A 
5-200 1923 1923 1970 + 967 ="1937 Aw Bag 
4-800 2083 2083 _ 5 1106 + 978 = 2084 Bay Bow Ag 
4-396 2275 2275 Fundamental Buu 

3 + 1569 = 298 
3-343 2991 2991 7 + 1587 = 3000 Bou 
3-289 3040 3040 33 Bau 

1469 + 1587 = 3056 B Buy, A 
3-247 3079 3079 Be aw Ag 


* See p. 294. 


maxima of the P and R branches of those bands which were sufficiently resolved to permit this measurement. 
The next entry is the percentage absorption, at the strongest absorption maximum of each band, in 45 cm. 
length of vapour at the pressure, 3 or 4 cm., of the main spectrometric survey. The last three columns of each 
‘ table contain our assignment of the fundamental frequencies and combination tones, the symmetry classes to 
which they belong, and the symmetry classes of the fundamental composing the higher harmonics. 


DIscussION OF ASSIGNMENT. 


Each of the V; benzenes, 1 : 4-dideuterobenzene and 1: 2: 4: 5-tetradeuterobenzene, possesses 30 funda- 
mental vibrations, each associated in principle with a different frequency, 15 of the vibrations being symmetric, 
and 15 antisymmetric, with respect to the centre of symmetry of the molecule. The former group, the “‘ gerade” 
vibrations, are all active in the Raman effect, and were dealt with in the preceding paper. We are now concerned 
with the latter group, the “‘ ungerade ’”’ vibrations, which are all inactive in Raman spectra; but 13 of them 
are active for absorption, and may be sought in infra-red spectra. These, as well as the two inactive vibrations, 
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Infra-red Spectrum of 1: 2:4: 5-Tetradeuterobenzene and -Assignment. 
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are discussed in this paper. The two inactive vibrations form one symmetry class, and the 13 infra-red-active 
vibrations divide themselves into three symmetry classes, as shown below (Part XI, Table IX, this vol., p. 228) : 


The distinctions of symmetry may be briefly explained. The molecular model has three two-fold axes of 
symmetry, z normal to the ring, y through the unique para-positions, and x perpendicular to the other two axes. 
The A, vibrations are symmetric with respect to all three of these axes, but the other vibrations are symmetric 
with respect to only one axis, and are antisymmetric with respect to the other two axes. The B,,, Bgy, and 
B3, vibrations are symmetric with respect to the z, y, and ¥ axes respectively... 

As to spectral activity, the A, vibrations do not involve an oscillating electric moment, but the B,,, B,,, 
and B;, vibrations are associated with oscillating electric moments parallel to the z, y, and * axes respectively. 
Thus the A, vibrations are spectrally inactive. The B,, vibrations give rise to what we call z-bands, or pseudo- 
parallel bands, in the infra-red spectrum. Their contours are very similar to those of the parallel bands of a 
symmetrical-top (D., or Ds,) benzene; in particular, they are characterised by a separation of about 24 cm.+ 
between the intensity maxima of the P and R rotational branches. The B,, vibrations will produce y-bands, 
and the B;, vibrations x-bands, types which may be collectively described as pseudo-perpendicular. They are 
similar to each other, and to the perpendicular bands of symmetrical-top benzenes; and thus they are char- 
acterised by distinctly smaller separations, roughly 15 cm.-1, between the intensity maxima of their P and R 
branches. These characters are a useful guide in the assignment of infra-red bands. 

The B,, Fundamental Frequencies.—The identification in each spectrum of the bands which corresponds to 
the three vibrations of this symmetry class is based mainly on-the band contours. We give below the Q-branch 
frequencies (in cm.) of the bands assigned to these vibrations, and (in parenthesis) the frequency separations 
of the intensity maxima of the P and R branches : 


a 597 (25) 876 (25) 
383 (ca. 22) 548 (24) 925 (23) 

Five of these bands certainly have, and the sixth probably has, a pseudo-parallel structure. All the other 

bands which have been resolved with respect to their rotational branches are of the pseudo-perpendicular type. 

All six frequencies lie too low to be explained as summation tones; and the strength with which the 
frequencies 597 and 876 cm. of 1 : 4-dideuterobenzene, and the frequencies 548 and 925 cm. of 1: 2:4: 5- 
tetradeuterobenzene, appear in their respective spectra are such as to preclude any attempt to interpret these 
four bands as difference tones. Therefore they must be fundamental bands, and, from their contours, B,, 
fundamental bands. 

The bands at 367 cm.-! in the spectrum of 1 : 4-dideuterobenzene, and at 383 cm.-! in that of 1: 2:4: 5- 
tetradeuterobenzene, were difficult to observe with precision, because their long-wave sides spread beyond the 
limit within which satisfactory measurements of absorption could be made with. the apparatus available. 
However, the two bands clearly correspond, and for one of them it was possible directly to establish a pseudo- 
parallel structure. Obviously they cannot be summation tones. Their intensity is not so great that we can 
immediately dismiss the idea explaining them as difference tones; but there are no difference tones of known 
fundamental frequencies which could give pseudo-parallel bands of the required frequencies. This argument 
of exclusion is not quite complete because, for each of the benzenes, there is one fundamental frequency which 
has not been definitely determined. However, we expect a fundamental B,, band, in each spectrum, in just 
the frequency region in which the observed bands appear: these expected fundamental frequencies should lie 
between 405 and 352 cm.-, the frequencies of the spectrally inactive E,,*+ carbon vibrations of benzene and 
hexadeuterobenzene, and close to 373 cm.-, the corresponding frequency of 1 : 3 : 5-trideuterobenzene, which 
is observed in the Raman effect. The low-frequency infra-red bands of 1 : 4-di- and 1 : 2 : 4 : 5-tetra-deutero- 
benzene fulfil these requirements and there are no other observed bands which do so. The relatively low 
intensity of the bands is not a difficulty, because the corresponding vibration in benzene is spectrally inactive, 
and, being a carbon vibration, is not changed sufficiently by deuterium substitution to give bands of great 
intensity. Similarly, the corresponding frequencies of mono-, 1 : 3: 5-tri-, and penta-deuterobenzene, which 
are active in the Raman effect, appear only weakly in the Raman spectra of these substances. As a final 
argument we can apply the product theorem of Teller and Redlich : 


TIBy,(1:4-CsH,D,) _ 367 x 597 x 876 
w(l: 2: 4:5-C, 4) 383 x 548 x 925 


The B,, vibrations of the V, benzenes may be regarded as arising from vibrations of the forms of the two 
E,,+ vibrations and the single A,,, vibration of a D,, benzene. The E,+ vibrations are non-trigonal; they involve 
out-of-plane motions of the atoms; they are degenerate, but we are concerned only with that normal co-ordinate 
of each vibration which has the symmetry of the V; vibrations that are to be formed, viz., symmetry with 
respect to the two-fold z-axis and antisymmetry with respect to the two-fold #- and y-axes; finally, they 
consist of one “‘ carbon ” vibration, in which the atoms of each CH-group move on parallel lines in phase, and 
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one “ hydrogen ”’ vibration, in whieh the atoms of each CH-group move along the same lines but in opposite 
phase. The single A,, vibration is hexagonally symmetrical, involves out-of-plane motions of the atoms, and 
is a “ hydrogen ”’ vibration. 

With the arrangement of unequal hydrogen masses which is characteristic of benzenes of V, symmetry, 
these vibrations undergo some mutual modifications. But the resulting frequencies suggest that the mutual 
disturbance is not very profound, a circumstance which may be connected with the fact that all the original 
frequencies are proportionately well separated (e.g., 405, 671, 970 cm. in benzene). The following comparison 
shows that, whilst corresponding B,,, frequencies of 1 : 4-di- and 1: 2: 4: 5-tetra-deuterobenzene are always 
within 50 cm.- of each other, they are always bracketed between the analogous benzene and hexadeutero- 
benzene frequencies, and always themselves bracket the mean of the latter frequencies : 


C,D,. Mean. 1:4-C,H,D,. 1:2:4:5-C,H,D,. 

352 367 

E,* hydrogen 970 793 { 876 
It therefore seems clear that the original D,, normal co-ordinates, of course after some modification of the 
atomic amplitudes, will provide a better approximation to the actual normal co-ordinates of the vibrations of 
the V, benzenes than that which would start with the extreme assumption, such as we have several times 
made in the two preceding papers, that the hydrogen vibrations decompose into pure protium and deuterium 
vibrations, possibly with a correlated change in the carbon vibrations of the same symmetry class. This type 
of decomposition operates most generally and most exactly with hydrogen stretching vibrations, less thoroughly 
in planar bending vibrations, and with least generality and precision in bending vibrations normal to the ring. 


C,H,D,, 367 C,H,D,, 597 cm 7 C,H,D,, 876 cm.~}, 
C,.H,D,, 383 cm.1. C,H,D,; 548 cm.-}. C,H,D,, 925 cm... 


If we were to assume such a decomposition in the present case, and were then to try to assign the observed 
frequencies to the resulting normal co-ordinates, we should reach the unacceptable result that ratios of fre- 
quencies of supposedly isomorphous protium and deuterium vibrations considerably exceed V2. Therefore, 
we set up, as representing the best type of approximation we can make without a knowledge of the force field, 
the vector diagrams (I), (II), and (III) : except with regard to the atomic amplitudes, they are similar to the 
relevant diagrams applying to D,, benzenes. 

The scheme of amplitudes, given for 1 : 4-dideuterobenzene by the small figures associated with the diagrams, 
satisfies the orthogonality relatioyship, as well as the condition that no vibration shall contain any translatory 
motion of the molecule as a whole; but the scheme is still arbitrary. First, it assumes that, in the carbon 
vibration (I), the amplitudes within each CH and CD group are equal. This is certainly incorrect in the 
direction of under-estimating the content of hydrogen motion (Part XVII, this vol., p. 261); but we have no 
simple way of making a more exact assessment of the relative amplitudes: an altered assumption would 
naturally entail changes in the amplitudes of the two hydrogen vibrations, (II) and (III). In the latter, the 
relations between the CH- and CD-amplitudes are for another reason not fully determined : the orthogonality 
principle would still be satisfied if we should multiply the stated amplitudes of the four atoms of the two CD- 
groups of (II) by a single constant factor, provided we also multiply the amplitudes of the eight atoms of the 
four CH-groups of (III) by the same factor. A corresponding scheme for 1: 2: 4 : 5-tetradeuterobenzene 
would involve the following relative amplitudes : For (I) : CH, 1,1; CD, 13/28, 13/28. For (II) : CH, 1 /12, 1; 
CD, 1/6,1. For (III) : CH, 1/12, 1; CD, 13/336, 13/56. It would readily be possible in fixing these amplitudes 
to choose these disposable quantities in such a way as to render qualitatively intelligible the relationships 
between the various frequencies ; but it is not possible precisely to calculate the amplitudes without a knowledge 
of the force field. 

The By, Fundamental Frequencies.—It is helpful to give some preliminary consideration to the nature of 
the vibrations. There are five: and they are symmetric to the two-fold y-axis, but antisymmetric to the 
two-fold axes x and z. Their motion lies in the plane of the ring, and they create a variable dipole moment in 
the y-direction. The five are collectively related to the two non-degenerate B,,,, and the three degenerate E,~, 
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vibrations of the D,, benzene model, with the understanding that the onlymormal co-ordinate of each degener- 
ate vibration which is relevant in this connexion is that which has the symmetry above specified. The 
trigonally symmetrical B,,, vibrations consist of one carbon bending vibration and one hydrogen stretching vibra- 
tion. These are inactive in the infra-red spectra of the Dy, benzenes. The non-trigonal E,~ vibrations com- 
prise another hydrogen stretching vibration, a hydrogen bending vibration, and what we have called elsewhere 
a ring ‘‘ deformation ”’ vibration, which involves both stretching and bending of the bonds. These vibrations 
are active in the infra-red spectra of D,,, benzenes. 

When the five D., vibrations interact under the less symmetrical distribution of atomic masses characteristic 
of the V; benzene model, the B,, carbon vibration, in which the moving unit is essentially the whole CH- 
group, will be only slightly changed, though it is the change which gives the vibration a finite intensity in the 
infra-red spectrum. The B,, and E,~ hydrogen stretching vibrations will as usual interact practically com- 
pletely (cf. Part XVII, this vol., p. 260) to form a pure protium, and a pure deuterium, stretching vibration. 
Reference to the D,, normal co-ordinates shows that the E,~ hydrogen bending vibration will appear practically 
unchanged as a vibration of the V, model. It follows that the E,~ deformation vibration can only be slightly 
changed, since there is no other frequency of the symmetry class with which it can interact extensively. 

The frequencies (cm.-') of those infra-red bands of 1 : 4-di- and 1: 2: 4: 5-tetra-deuterobenzene which we 
assign as fundamentals of B,,, symmetry with respect to the V; model, are here listed for convenience. Where 
the resolution of a band into its component branches has been effected, the frequency separation of the Pand R 
intensity maxima is noted (in parenthesis), as partial confirmation of the conclusion that these are bands of 
the pseudo-perpendicular type : 


1033°(15)  1469(16)  2275(—) 3060 (—) 
1:2:4: 5-CgH,D, 819 (14) 977(—)  1353(12)  2280(—) 3078 (—) 

We may now consider the assignment in more detail, dealing first with the carbon bending vibration. Klit 
and Langseth have already noted (J. Chem. Physics, 1937, 5, 925) that those carbon frequencies of 1 : 4-di- and 
1: 2:4: 5-tetra-deuterobenzene which are related to the B,, carbon frequencies of benzene and hexadeutero- 
benzene should be uniformly spaced between the latter. These spectrally inactive carbon frequencies of the 
D  benzenes are determined in Part XXI (this vol., p. 316) : they are 1010 cm.“ for benzene, and 963 cm. 
for hexadeuterobenzene. The predicted positions of the B,, carbon frequencies of the V; benzenes are thus 
994 for 1: 4-dideuterobenzene, and 979 cm. for 1:2: 4: 5-tetra-deuterobenzene. Bands in these 
positions appear in the spectra. They are weak, and of nearly equal intensity, as they should be. There are 
no other bands that could be assigned to this vibration. Both these frequencies are required as fundamental 
frequencies for the interpretation of observed combination tones. 

The hydrogen stretching frequencies are easily identified. In the spectrum of 1 : 4-dideuterobenzene the 
only allowed deuterium stretching frequency is that of the B,, symmetry class; and a single, strong band 
appears, of peak frequency 2275 cm.-1, which cannot represent anything else than this deuterium stretching 
vibration. Two protium stretching frequencies are allowed, one of the present symmetry class, and one of the 
By, class; and two strong bands appear in the relevant region, at frequencies 3040 and 3079 cm.. The 
question of which of these belongs to the B,, class is discussed below. In the spectrum of 1 : 2: 4: 5-tetra- 
deuterobenzene two deuterium stretching frequencies, one belonging to the By,, and one to the B;,, symmetry 
class, are allowed by the selection rules; but only one strong, unresolved band, of peak frequency 2280 cm.-, 
appears in the relevant part of the spectrum. We conclude that the two active frequencies are too nearly 
coincident to render possible with our apparatus a resolution of the overlapped bands. A single protium stretch- 
ing frequency, that belonging to the B,,, class, is allowed in this spectrum; and a single, strong band appears 
in the appropriate position at 3078 cm.-. 

Concerning the allocation of the frequencies 3040 and 3079 cm.- of 1 : 4-dideuterobenzene, an application 
of the product theorem makes it rather improbable that the lower of these belongs to the B,, symmetry class, 
but indicates that the upper frequency might very possibly belong to this class. However, the acceptance of 
this indication involves assigning the lower frequency to the B,,, class, and the difficulty then arises that the 
intensities of the two bands are the wrong way round. The B,, protium stretching vibration produces a 
variable dipole moment in the y-direction, whilst the corresponding By, protium vibration produces one in the 
x-direction. Therefore the B;, band should be the stronger since the protium bonds, which extend and contract 
during the vibration, are inclined at angles of 30° to the x-direction, but at 60° to the y-direction. Actually 
it is the higher frequency, 3079 cm.-', which appears considerably the more strongly, and it is this frequency 
which in consequence we must assign to the B;,, vibration. The difficulty of the unsatisfactory product ratio, 
arising from the apparent necessity of assigning the frequency 3040 cm.-* to the B,, vibration, is overcome by 
noting that a combination tone exists, (4,)1587 + (By,)1469 = (B,,)3056, which could enter into resonance 
with the B,, fundamental frequency with the production of a doublet. Such a phenomenon is observed in 
the infra-red spectrum of benzene itself (Part IV, J., 1936, 931): the hydrogen stretching fundamental fre- 
quency, 3080 cm.-', appears as a double band, with maxima at 3061 and 3098 cm.-", and it is the corresponding 
combination tone, (E,+) 1596 + (E,~) 1485 = (E,,-) 3081, which is responsible for the doubling.* We therefore 

* This may be an over-simplification: the band appears to have a third, weaker maximum (Leberknight, Physical 


Rev., 1933, 48, 971). It could be ae by the known circumstance that one of the fundamental components of the 
resonating combination tone is itself doubled by resonance with a combination frequency. 
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assume a similar doubling in the spectrum of 1 : 4-dideuterobenzene : one component of the split frequency is 
recognised in the band at 3040 cm.~, whilst the other, we assume, is contained in, and contributes a minor 
part of the intensity of, the much stronger band at 3079 cm.-*. As usual, we take the mean of the split 
frequencies, 3060 cm.-', as the unperturbed fundamental frequency. The adoption of this as the B,, protium 
stretching frequency gives an acceptable product ratio, as we shall show later. 

With regard to the hydrogen bending vibrations, we base our considerations on the conclusion of Part VIII 
(J., 1936, 971) that the E,~ vibrations of D,, benzenes contain a very nearly pure hydrogen bending vibration. 
The already given normal co-ordinate diagrams of this degenerate vibration (Fig. 1 of Part XI, this vol., p. 231) 
are constructed on this basis. They show that in the particular normal co-ordinate with which we are now 
concerned, namely, that which has two-fold symmetry with respect to the y-axis, the four atoms which lie on 
the y-axis do not move [cf. diagram (VII), p. 296]. It follows that the form of the vibration will be preserved 
in 1: 4-di- and 1: 2:4: 5-tetra-deuterobenzene. It also follows.that its frequency in 1 : 4-dideuterobenzene 
will be the same as it is in benzene, whilst its frequency in 1 : 2: 4: 5-tetradeuterobenzene will be the same as 
in hexadeuterobenzene. All this, of course, is true to the extent to which the normal co-ordinate diagram is 
exact. In benzene and hexadeuterobenzene the vibration is active in the infra-red spectrum : its frequencies 
are 1037 cm. in benzene, and 813 cm. in hexadeuterobenzene. In the infra-red spectrum of 1: 4-di- 
deuterobenzene we find a strong, pseudo-perpendicular band of frequency 1033 cm... This is evidently the 
B,,, fundamental band : it is susceptible of no other explanation. In the spectrum of 1 : 2: 4: 5-tetradeutero- 
benzene there are two strongly overlapped bands, having the frequencies 812 and 819 cm.-, either of which 
might be the B,, band. Whilst the product rule does not exclyde the choice of the lower of these frequencies, 
it favours the assignment of the frequency 819 cm.- to the B,, class of fundamental frequencies (see below). 

As we have shown, the ring deformation vibration will not be largely changed in form in passing over from 
D., benzenes to V; benzenes; and hence its frequencies in 1 : 4-di- and 1: 2: 4: 5-tetra-deuterobenzene may 
be expected to lie within the range of the related frequencies, 1485 and 1333 cm.-, of benzene and hexadeutero- 
benzene. In the spectrum of the V; benzenes several bands are observed in this frequency range. In 1: 4-di- 
deuterobenzene there are active frequencies at 1335, 1413, and 1469 cm.+; and in 1: 2: 4: 5-tetradeutero- 
benzene at 1353, 1404, and 1439 cm... The product theorem shows quite clearly (see below) that we must 
select the frequency 1469 cm. of 1 : 4-dideuterobenzene, and the frequency 1353 cm. of 1: 2: 4: 5-tetra- 
deuterobenzene, for assignment to the B,, symmetry class. The other frequencies mentioned are then quite 
readily assigned, either as B,, fundamental frequencies, or as combination tones. 

We must now give details of the above-mentioned inferences derived from the product theorem. They are 
obtained by comparing the B,,, infra-red frequencies of 1 : 4-di- and 1 : 2: 4: 5-tetra-deuterobenzene with each 
other, with the A,’ Raman frequencies of 1 : 3 : 5-trideuterobenzene, and with A,, Raman and E,”~ infra-red 
frequencies of benzene and hexadeuterobenzene. 

Applying the product formula to known Raman frequencies of benzene, 1: 3 : 5-trideuterobenzene and 
hexadeuterobenzene, and making our usual allowance for the effect of anharmonicity (Part XI, this vol., 
pp. 232, 233), we have 

ITA yg, Byy(C.H, 991-6 x 3061-9 x IIB,,(C.H,) 
= 1003-6 X 2981-9 x 3052-7 2°40 (assumed, the harmonic value being 1-414) 


and likewise 


TIA _ 956-2 x 1003-6 x 2281-9 x 3052-7 _ ‘ 
9432 x 2992-6 X 1-400 (assumed, the harmonic value being 1-414) 


The derived products, IIB,,(CgH,) = 3082 x 10° cm.~, and IIB,,(C,D,) = 2208 x 10° cm.-*, have the ratio 
1-396 (harmonic value, 1-414). 


Applying the product rule now to the former of these products, known infra-red frequencies of benzene, and 
the assigned B,,, fundamental frequencies of 1 : 4-dideuterobenzene, we obtain 


TIB yy Ey-(CgH,) _ 3082 x x 1037 x 1485 x 3080 
TIBy,(C,H,D,) ~ 992 x 1033 x 2275 x 3000 x 1469 


= 1-395 (harmonic value = 1-396) 


This result shows that the deformation frequency 1469 cm. of 1: 4-dideuterobenzene has been correctly 
chosen from amongst the possibilities mentioned earlier. It also shows that we could not replace the frequency 
3060 cm.- of the protium stretching vibration by the lower frequency 3040 cm.+ without raising the product 
tatio to 0-7% above the harmonic value: such a high value cannot be ruled out as impossible, but it would be 
unusual, 

A further application of the product rule to corresponding data for hexadeuterobenzene and 1: 2: 4: 5- 
tetradeuterobenzene yields the result 


_ 977 x 819 x 2280 x 3078 x 1353_ 
=(C,D,) 2208 x x B13 x 1333 x 2294 1384 (harmonic value = 1-396) 


This shows that the deformation frequency of 1 : 2 : 4: 5-tetradeuterobenzene, 1353 cm.-, has been correctly 
selected from amongst the possibilities mentioned. It is also clear that the replacement of the deuterium bend- 
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ing frequency, 819 cm.-, by its alternative, 812 cm.-1, would lead to a product ratio lying about 2% below the 
harmonic value, that is, lower than is usual for product ratios of this magnitude. 

Finally we may apply the product rule in a direct comparison of the assigned B,,, fundamental frequencies 
of 1: 4-di- and 1: 2:4: 5-tetra-deuterobenzene. The result is satisfactory : 


TIByy(CgH,D,) _ 992 x 1033 x 2275 x 3060 x 1469 
TIBy,(CgH,D,) 977 x 819 x 2280 x 3078 x 1353 


Vector diagrams of these vibrations (IV—VIII) are given below, together with a scheme of amplitudes, 
applying to 1 : 4-dideuterobenzene, which preserves the orthogonality of the vibrations and their freedom from 
molecular translation. Arbitrarily we make the amplitudes within each CH- or CD-group equal in diagrams 
(IV) and (VIII). It is necessary in these diagrams slightly to change the directions of the vectors which lie 
off the y-axis from those directions which would apply to a D,, benzene; and arbitrarily we have made all 
the directional changes equal (they amount only to about 0-6°). The amplitudes of a corresponding scheme 
for 1: 2:4: 5-tetradeuterobenzene are obvious, except in the cases of diagrams (IV) and (VIII); for these 
the amplitudes are unity for the CH-groups and 3/78/28 for the CD-groups; and angles between the y-axis 
and those atomic vectors which do not lie along that axis have the value cos 13/54. 


= 1-379 (harmonic value = 1-396) 


(V.) (VI.) 


C,H,D,, 992 C,H,D,, 2275 cm". C,H,D,, 3060 cm.-?. 
C,H,D,, 977 C,H,D,, 3078 cm.-?. C,H,D,, 2280 cm.-}. 


( VIL.) ( VIII.) 
C,H,D,, 1033 C,H,D,, 1469 cm.*. 
C,H,D,, 819 cm.-?. C,H,D,, 1353 


The B;,, Fundamental Frequencies —The members of this class of V, vibrations have their motion in the 
plane of the ring, and produce an electric moment oscillating along the x-direction. They can be regarded as 
derived from the two B,,, vibrations, and the three E,,~ vibrations, of the D,, benzene model. The B,, vibrations 
of this model consist of one carbon stretching, and one hydrogen bending, vibration, both trigonally symmetrical. 
The E, vibrations comprise, according to the conclusions of Part VIII (J., 1936, 971), a hydrogen stretching, 
a hydrogen bending, and a ring deformation vibration; but we are concerned now only with that normal 
co-ordinate of each of these degenerate vibrations which is symmetric with respect to the two-fold x-axis and 
antisymmetric with respect to the two-fold y- and z-axes. With the less symmetrical distribution of atomic 
masses in the V, benzenes, these vibrations must to some extent mix together, and thus modify one another. 
The two hydrogen bending vibrations may be expected to interact radically with the production of two new 
vibrations, one of which will be essentially a protium bending, and the other a deuterium bending, vibration. 
The carbon stretching vibration, however, cannot undergo any profound change, because the moving masses 
are effectively whole CH- and CD-groups. And the hydrogen stretching vibration will not change appreciably, 
because, in so far as it is a pure stretching vibration, the atoms on the y-axis do not move, even under Dy 
symmetry, so that the vibration is already of such a form as to affect only one kind of hydrogen in a V, benzene. 
It follows that the remaining member of the class, the ring deformation vibration, cannot be profoundly altered. 

We do not in this paper completely solve the problem of identifying the frequencies of the B;,, family of 
vibrations. As to four of them there is no special difficulty : frequencies from the spectra can be assigned 
with a high probability of correctness. The fifth is the carbon stretching vibration : it is possible to point, in 
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each spectrum, to several active frequencies, any of which (subject to necessary correlations between the spectra) 
might represent the fundamental frequency in question; but it is not possible, on the evidence now given, to 
make a definite assignment of frequencies to this vibration, and the matter is therefore left for further consider- 
ation in Part XXI (this vol., p. 316). The determination of the B,, carbon frequency in benzene and in hexa- 
deuterobenzene, and the assignment of the related, but spectrally active, frequencies of the partly deuterated 
benzenes, really constitute a single problem, best treated comprehensively. 

For convenience we set out the frequencies (in cm.-'), which have been definitely assigned to the B,,, class 
of vibrations. The PR-separations, given in parenthesis where known, show that as far as could be ascertained, 
the bands are, as they should be, of the pseudo-perpendicular type : 


ay 1106 (14) 1413 (14) 3079 (—) 
1:2:4:5-CgH;D, 812 (13) 1057 (15)’ 1439 (13) 2280 (—) 

The ring deformation frequencies are easily identified, even though there are two unassigned bands to choose 
from in the relevant region, 1333—1485 cm.-', of each spectrum. The band at 1413 cm. in the spectrum of 
1 : 4-dideuterobenzene could scarcely be a combination tone on account of its intensity, and its frequency is 
definitely wanted as a fundamental frequency for the explanation, as higher harmonics, of three of the Raman 
frequencies of the substance. The frequency and intensity of the band at 1439 cm. in the spectrum of 
1: 2:4: 5-tetradeuterobenzene show that this is not a combination tone; and its frequency is required as a 
fundamental frequency for the interpretation of certain Raman and infra-red combination tones, notably the 
infra-red frequency at 4482 cm.-". Those bands within the region considered, one in each spectrum, which 
remain unassigned as fundamental bands, are quite weak, and can readily be understood as allowed combination 
tones. 

The deuterium bending frequencies are equally obvious. They are represented by the bands at 814 cm.-t 
in the spectrum of 1 : 4-dideuterobenzene, and 812 cm.-! in the spectrum of 1 : 2: 4: 5-tetradeuterobenzene : 
those are the only unassigned bands within the appropriate region, about 800—1000 cm.=-, of either spectrum. 
Their frequencies and intensities clearly show them to be fundamental bands. 

The protium bending frequencies present a slightly more difficult problem, but there is little doubt that we 
are correct in choosing the strongest unassigned band in the relevant region, about 1000—1300 cm.-, of either 
spectrum. For 1: 4-dideuterobenzene this is the band at 1106 cm.-*, the frequency of which is, moreover, 
required as a fundamental frequency for the explanation of certain Raman and infra-red combination tones, 
notably that appearing at 2083 cm. in the infra-red spectrum. The rejected, weaker band at 1230 cm. is 
readily interpreted as a combination tone. The chosen band in the spectrum of 1 : 2 : 4: 5-tetradeuterobenzene 
has the frequency 1057 cm.-'; there is no good explanation of this frequency as a combination tone, although 
it does not itself appear to enter as a component into the constitution of any observed combination tone. The 
rejected, weaker frequencies at 1144, 1206, and 1309 cm. all have satisfactory explanations as combination 
tones. 

In a pure hydrogen stretching vibration of this symmetry class, the atoms on the y-axis do not move. 
Since the vibration in question must be a very nearly pure hydrogen stretching vibration, its frequency should 
be almost exactly the same for 1 : 4-dideuterobenzene as for benzene. In the spectrum of 1 : 4-dideutero- 
benzene a strong band appears at 3079 cm.-", in close agreement with the corresponding benzene frequency of 
3080 cm.'. Similarly, the corresponding frequency in 1 : 2: 4 : 5-tetradeuterobenzene should be very nearly 
the same as in hexadeuterobenzene. In the spectrum of the former compound it is represented, together with 
the B,, deuterium stretching frequency, by the single unresolved band of peak frequency 2280 cm., which 
may not, of course, be exactly the vibration frequency of either component of this composite band. In the 
circumstances the agreement with the hexadeuterobenzene frequency of 2294 cm. may be considered 
satisfactory. 

We can obtain a rough, but probably adequate, check on these assignments by means of the product theorem, 
without making any assumptions concerning the unspecified frequencies of the carbon stretching vibration, 
excepting that, as a carbon vibration, its frequencies in the two V, benzenes are unlikely to differ by more than 
2 or 3 units percent. By reference to Table XI of Part XI (this vol., p. 232), we find 


TIB3,(1 : 4-CgH,D,) /TIB;,(1 : 2: 4: 5-C,H,D,) = 1-396 (harmonic value) 
For the ratio of the products of the two sets of four assigned frequencies, we have : 
814 x 1106 x 1413 x 3079/812 x 1057 x 1439 x 2280 = 1-391 
These values are fully consistent with the conclusion that the frequencies of the carbon stretching vibration in 
the two compounds differ only slightly. 
An approximate scheme of normal co-ordinates is graphically presented in diagrams (IX)—(XIII). The 
amplitude indications apply as before to 1: 4-dideuterobenzene. In deriving them, assumptions were made, 


with respect to the vectors of diagrams (IX) and (XIII), which are similar to those applied, as explained earlier, 
to the vectors in diagrams (IV) and (VIII). The results naturally correspond in their application both to 
1; 4-dideuterobenzene and to 1 : 2: 4: 5-tetradeuterobenzene. 

The Infra-red Combination Tones.—As is shown in Part XI, Table XIV (this vol., p. 234), those binary 
combinations are allowed in the infra-red spectra of V, benzenes for which the combining fundamental vibra- 
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tions have unlike symmetry properties with respect to the centre of symmetry, and have not identical symmetry | >€92 
properties with respect to all three of the two-fold axes. tetra 
The combination tones appearing in the infra-red spectra of 1 : 4-di- and 1: 2:4: 5-tetra-deuterobenzene §j 2™b@ 
are assigned in Tables I and II in accordance with this rule. Where alternative interpretations of an observed fj d¢ut 
combination tone are possible, the alternatives are given. Only a few special points require comment. but t 
In the spectrum of 1 : 4-dideuterobenzene, the agreement between the observed frequencies 1916 and 1923 
cm.~ and the frequencies of the combinations by which they are explained (1901 and 1937 cm.-) is poor; but 
13 
Frequencies C,H,D,, 1106 cm.-.  C,H,D,, 814 
this might be explained as due to the overlapping of two bands of comparable strength. Such an overlap would 
build up a relatively considerable intensity between the vibrational origins of the separate bands, and thus the T 
observed maxima, especially with poor resolution, would be found closer together than if each band could be too | 
observed in the absence of the other. The two neighbouring prominent bands, at 1724 and 1811 cm.-, possibly Part 
correspond in constitution to the degenerate combination tone of outstanding strength at 1808cm. in the infra- § the : 
red spectrum of benzene. We have already discussed the resonance mechanism by which the probable combin- Su 
ation tone at 3040 cm. might derive its intensity. 
13 
3/21 
| | 
I 
(XIL) ( XIIL) 
C,H,D,, 3079 cm.-1. C,H,D,, 1413 cm}. 
2280 1439 cmt. 
The spectrum of 1 : 2 : 4 : 5-tetradeuterobenzene contains two bands which, as combination tones, appear to 
be of unusually large intensity, viz., those at 1840 and 2994cm.+*. The latter, which is certainly a combination 
tone, probably derives some of its strength by resonance with the fundamental frequency at 3078 cm.+. 
AppENDuM: The Inactive (A,) Fundamental Frequencies. ae 
The only fundamental frequencies of 1 : 4-di- and 1 : 2: 4 : 5-tetra-deuterobenzene which are forbidden by spec 
the selection rules in both the Raman and the infra-red spectra are the two which belong to the A, symmetry toge 
class. Though they are not directly observed, they are known on account of the following considerations. ; 
The A,, vibrations of the V, benzene model, whilst antisymmetric with respect to the centre of symmetry, by . 
are symmetric with respect to all three two-fold axes. This symmetry and the orthogonality condition suffice and 
to determine that the normal co-ordinates will consist in parallel and anti-parallel combinations of out-of-plane, Ing. 
carbon and hydrogen motions, such as those shown in diagrams (XIV) and (XV), in which the four atoms on give 
the y-axis do not move. These V, vibrations are derived from D., vibrations belonging to the degenerate E,+ 
class, but with the restriction that we select that normal co-ordinate of each degenerate vibration which is mor 
symmetric with respect to each of the two-fold axes, x, y, and z. It follows, taking account once more of the to t 
orthogonality relation, that the selected normal co-ordinates of these D« vibrations will also be as shown in and 
diagrams (XIV) and (XV), and that in them the four atoms on the y-axis will not move. Since the only atomic they 
masses which are different in benzene and 1 : 4-dideuterobenzene, and which are different in 1 : 2: 4: 5-tetra- the 
the 


deuterobenzene and hexadeuterobenzene, lie on the y-axis, it follows that the A, frequencies of 1 : 4-dideutero- 
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benzene are individually the same as the E,,+ frequencies of benzene, and that the A, frequencies of 1 : 2: 4: 5- 
tetradeuterobenzene are individually the same as the E,,+ frequencies of hexadeuterobenzene. 
anharmonicity, and such accidents as Fermi resonance, this is an exact relationship. The benzene and hexa- 
deuterobenzene frequencies are also forbidden as fundamental frequencies in both Raman and infra-red spectra ; 
but they are known, first, from fluorescence spectra, and secondly, from combination tones appearing in Raman 


spectra. 
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( XIV.) (XV.) 
C,H,D,, 405 cm... C,H,Dz,, 970 
C,H,D,, 352 C,H,D,, 793 cm.-}, 


and infra-red spectra (Part XXI, this vol., pp. 319, 320). These values apply, as explained, to the two partly 
deuterated benzenes also. They are entered under the vector diagrams below. 
satisfactory : 


TIA,(1:4-CoH,D,) 405 x 970 _ 


The amplitude indications, given in illustration for 1 : 4~-dideuterobenzene, err in the direction of attributing 
too little hydrogen motion to the carbon vibration (XIV), and too much to the hydrogen vibration (XV) (cf. 
Part XVII, this vol., p. 261); 
the force field. 
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however, we cannot calculate them exactly without making assumptions about 
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64. Structure of Benzene. Part XX. The Raman and Infra-red Spectra of 
Monodeuterobenzene: Description and Analysis. 


By C. R. Battey, R. R. Gorpon, J. B. Harz, N. Herzrerp, C. K. INGotp, and H. G. Poote. 


The Raman spectrum of monodeuterobenzene has been studied, and measurements have been made on 35 lines. 
Accurate frequencies are recorded, as well as approximate degrees of polarisation and rough measurements of 
relative integrated intensity. The infra-red spectrum of the compound has also been examined over a spectral 
range, 3—-27 yw, great enough to include all the fundamental vibration frequencies. The frequencies of 55 
intensity maxima, corresponding to 27 distinct vibrational origins, have been determined. 

The spectra have been completely analysed, and 29 of the 30 fundamental frequencies of the molecule have 
been assigned to their proper vibrations. The uency of one vibration remains uncertain. The assignment 
is based partly on the intensity and polarisation of the Raman lines, and the intensity and rotational contours 
of the infra-red bands, considered in the light of selection rules; partly also on an empirical knowledge of the 
spectral regions in which particular vibrations should appear; and partly, or even largely, on comparisons, 
made in the light of the product theorem, or of considerations respecting the normal co-ordinates of the 
vibrations, with the already understood spectra of benzene and 1 : 4-di-, 1 : 3 : 5-tri-, 1 : 2 : 4: 5-tetra- and hexa- 
deuterobenzene. The observed higher harmonic frequencies are fully assigned. 


THE molecule of monodeuterobenzene does not possess a centre of symmetry, and accordingly many of its 
fundamental frequencies are allowed by the selection rules to appear in both the Raman and the infra-red 
A considerable number do in fact appear in both spectra, which it is therefore necessary to consider 
together. 
The Raman spectrum of monodeuterobenzene has been described before in various degrees of detail, first 
by Angus, Bailey, Gleave, Ingold, Leckie, Raisin, and Wilson (Nature, 1935, 135, 1033), and next by Redlich 
and Stricks (Monatsh., 1936, 67, 213); notes on particular features of the spectrum have been recorded by 
Ingold (Z. Elektrochem., 1938, 44, 20; Proc. Roy. Soc., 1938, A, 169, 149), and a fairly full description of it 
given by Langseth and Lord (Kgl. Danske Vidensk. Selsk., 1938, 16, 6). 
As to interpretation, Angus et al. exhibited a correlation between the recorded Raman frequencies of 
monodeuterobenzene and the seven fundamental frequencies of benzene, which were first correctly assigned 
to their vibrations in the communication cited. Redlich and Stricks gave the same correlation. Langseth 
and Lord offered a more extended assignment of the fundamental frequencies of monodeuterobenzene, but 
they were handicapped by lack of information about the infra-red spectrum. It is true that, according to 
the selection rules, all frequencies which are allowed to appear in the infra-red spectrum are also allowed in 
the Raman spectrum. But a number of them cannot be observed in the Raman spectrum, and all that can 
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were not in fact observed by Langseth and Lord: any serious lack of completeness in the observations always 
renders an assignment problem very difficult.* 

The infra-red spectrum of monodeuterobenzene has not been described before, although reference to some 
particular features of the spectrum has been made by Ingold (locc. cit.). 

The sample of monodeuterobenzene employed in the present work was prepared by Weldon and Wilson 
(Part XII, this vol., p. 235). The spectra showed it to be very pure. The general conditions of the spectro- 
metric measurements, and the standards of accuracy achieved, were as described for 1 : 3 : 5-trideuterobenzene 
in Part XVII (this vol., p. 255). 

The numerical results of our study of the Raman spectrum of monodeuterobenzene are recorded in Table I. 
The first column contains the measured Raman frequencies, whilst the second gives qualitative indications 


TaBLeE I. 
Raman Spectrum of Monodeuterobenzene, and Assignment. 


Frequency Depolarisation Symmetry Symmetry of 
(cm.-), Intensity. factor. Assignment. class. components. 
380 mw — Fundamental 
601-8 0-81 Fundamentals 
757 2 x 380 = 760 A B,, By 
778°7 Fundamental 
849-9 Fundamental 
857-1 Fundamental 
922 Fundamental 
ca. 972 18C,,"CH,D 
{ 980-0 Fundamental 
990 


bo 


oo 

| | & 
by 
by 


— 
“ge 
— 
oo 


Fundamental 
380 + 608 = 988 
1006-8 Fundamental 
1031-0 Fundamental 
1075 Fundamental 
1158-2 Fundamental 
1175-6 Fundamental 
1292 Fundamental 
1396 2 x 698 = 1396 
1449 Fundamental 
1479 Fundamental 
1557 2 x 778 = 1556 
1574:3 Fundamental 
1591-1 Fundamental 
1605 + 1006-8 = 1608 
1.603 + 1006-8 = 1610 

1617 608 + 1006-8 = 1615 

698 + 922 — 1620 
2269-0 ‘Fundamental 

’ 858 + 1450 = 8 
2310-6 2 x 11582 = 23164 
x 1292 = 2584 
2589-8 1006-8 + 1591-1 = 2597-9 
2615 [=< + 1450 = 2608 
1031-0 + 1591-1 = 2622-1 

2900 ww 2 x 1450 = 2900 
2998 Ml 1450 + 1574:3 = 3024 
3027 1450 + 1591-1 = 3041-1 
3041 ms Fundamental 
3054-8 4 Fundamental 

Fundamental 
3060 F 
3077 undamental 

1480 + 1591-1 = 3171-1 
3164-6 1574:3 + 1591-1 = 3165-4 A,, B, 
3182 ° — 2 x 1591-1 = 3182-2 A,, Ay 


of the intensities of the lines, followed in some cases by figures representing the results of a series of photo- 
metric measurements of the relative integrated intensities of the stronger lines. The braces in the first column 
indicate groups of overlapping lines, and it will be seen that some of the intensity data apply to line groups 
rather than single lines. Depolarisation factors are recorded in the third column: these figures, like the 
data for relative intensities, are only approximate. The remaining columns of Table I record our analysis 
of the spectrum: the observed frequencies are identified either as fundamental or allowed higher harmonic 
frequencies, and all are assigned to their symmetry classes. Where alternative assignments of higher harmonic 
frequencies are possible, the alternatives are given. 

Our results for the Raman spectrum agree with those of Langseth and Lord as far as there is overlap: 


* We are in the same trouble ourselves with respect to pentadeuterobenzene. We have made a very full study of 
the Raman spectrum of this substance, and could suggest a tentative assignment of all its observed frequencies. But 
any such etna would contain uncertainties which cannot be cleared up until the infra-red spectrum has been 
investigated. 
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21 of their frequencies agree with ours to within a few wave-numbers. However, we record a further 16 
frequencies, some not particularly weak, which are not reported by Langseth and Lord, and these include 
4 which we assign as fundamental] frequencies. Two of Langseth and Lord’s frequencies, given by them 
as 403 and 1418 cm.-, are not confirmed by this work (cf. p. 313). 

The spectrum is too rich in detail to be usefully reproduced in a general form, but microphotometric records 
of particular regions are given in Figs. 3—6 (pp. 307—315). 

The numerical results of our study of the infra-red spectrum of monodeuterobenzene are summarised 
in Table II. The first column contains the wave-lengths, and the second the frequencies, of the 55 measured 
intensity maxima. Many of these maxima arise from the resolved rotational contours of the bands, some 
of which exhibit obvious P, Q, and R branches, whilst others appear with only two intensity maxima, which 
we take to belong to P and R branches;* yet other bands are recorded with an unresolved contour, having 
only a single intensity maximum. Therefore, in the third column of the table, we have indicated those 
frequencies which we assume to represent the 27 vibrational origins of the measured bands; they are either 
the frequencies of Q branch maxima, or the means of the frequencies of P and R maxima, or, in the case of 
unresolved bands, the frequencies of their single maxima. The next column contains the frequency separ- 
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ations, where known, of the P and R intensity maxima: these data help with the assignment problem, inas- 
much as they tell us whether the varying electric moment associated with the vibrdtion lies in the plane of 
the benzene ring or normal to the plane. The next column contains, as an indication of the intensity of each 
band, the percentage of radiant energy absorbed, at the wave-length of the absorption maximum, by a 45 cm. 
column of vapour at 7 cm. pressure. The remaining three columns of the table summarise our conclusions 
with respect to the assignment of the frequencies : each observed band is assigned to an allowed fundamental 
or higher harmonic vibration, the symmetry of which is specified. Where alternative assignments of the 
higher harmonic frequencies are possible, the alternatives are given. ; 

A: map of the infra-red spectrum of monodeuterobenzene is given in Fig. 1. It is based on a number of 
general surveys as well as many detailed tracings of particular bands. 

It is of interest to compare the observed values of those fundamental frequencies which could be measured 
in both the Raman and infra-red spectra. The recorded values of all such doubly appearing fundamental 
frequencies are included in Table III. It will be seen that the differences found by the two methods df 
observation average about 2 cm.-!, the signs of the differences being casually distributed. For convenience 
we include in the table those values, chosen with due regard to the relative ease and precision of the individual 
spectral measurements, which we have adopted for the doubly appearing frequencies in calculations of product 
ratios and the theoretical values of harmonic frequencies. 
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Wave-length 
26-3 
25°5 
16-83 
16-45 
16-15 
14-60 
14-32 
14-07 
13-11 
12-91 
12-66 
11-76 
11-53 
10-98 
10-84 
10-68 
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9-800 
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9-625 
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8-613 
8-332 
8-247 
8-167 
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6-919 
6-856 
6-752 


6-200 
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Assignment. 
Fundamental 


Fundamental 
Fundamental 


Fundamental 
Fundamental 


Fundamental 
Fundamental 


Fundamental 


Fundamental 
Fundamental 
601 + 608 = 1209 


608 + 698 = 1306 
608 + 778 = 1386 


Fundamental 


Fundamental 

608 + 1006-8 = 1615 
698 + 922 = 1620 
778 + 849-9 = 1628 
601 + 1031-0 = 1632 
603 + 1031-0 = 1634 
698 + 970 = 1668 


2 x 849-9 = 1700 
778 + 922 = 1700 


849-9 + 922 = 1772 
778 + 995 = 1773 
849-9 + 970 = 1820 
858 + 1031-0 = 1889 
922 + 970 = 1892 
601 + 1292 = 1893 
603 + 1292 = 1895 
922 + 980-0 = 1902 
hom + 995 = 1917 
850 + 1076 = 1926 
922 + 1031-0 = 1953 
778 + 1175-6 = 1954 
970 + 995 = 1965 
Fundamental 
2 x 1158-2 = 2316 
1031-0 + 1292 = 2323 


1450 + 1591-1 = 3041 
1480 + 1574:3 = 3054 


Fundamental 
1480 + 1591-1 = 3071 
Fundamental 


Table III also contains notes concerning those fundamental frequencies which have been measured in 
only one of the two spectra, even though in many cases they are allowed by the selection rules to appear in 
both. One of the frequencies (608 cm.-') which could not be measured in the Raman spectrum was never- 
theless visible (‘‘ vis.’’) as a disturbance to the normal intensity distribution in the neighbouring strong Raman 
line (601-8 cm). Two other fundamental frequencies, although allowed in the Raman spectrum, could 
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not be observed. One, at 3066 cm.-', lies in a region so much overlapped by neighbouring strong lines that it 
might well be obscured (“‘ obsc.’’). The other, at 698 cm.-', is in a region favourable to observation; yet it 
was invisible (“‘inv.”’) on the plates. One strong infra-red frequency, that at 922 cm.-', appears weakly in 
the Raman spectrum excited by Hg 4046-56 a., but cannot be observed in the spectrum excited by Hg 4358-34 a. 
because of accidental coincidence with an excitation by Hg 4347-50 a. of the strong Raman frequency 980-0 
cm.-*. Several frequencies which should appear in the infra-red spectra lie in regions of weak general absorp- 


Taste III. 
Comparisons of Fundamental Frequencies in the Raman and the Infra-red Spectra of Monodeuterobenzene. 


380 601-8 vis. inv. 778-7 849-9 857-1 922 980-0 
Infrawed (om. *) 380 obsc. 608 698 775 F 858-5 922 obsc. 
Difference (cm.~) .. +0 +3°7 +0 
Adopted frequency (cm. =i) 380 601, 603 608° 698 778 849-9 857-1 922 980-0 
Raman (cm.-*) ............... (900) 1006-8 1031-0 1075 1158-2 11756 1292 1449 1479 
Infra-red (cm.“) ............ 995 absp. 1030 1078 1161 absp. absp. 1452 1481 
Difference .. +5 +1-0 —3 —2°8 —3 —2 
Adopted frequency (cm: =1) 995 1006-8 1031-0 1076 1158-2 1175-6 1292 1450 1480 
Raman (cm.~) ............... 15743 1591-1 22690 3041 3054:8 3060 obsc. 3077 

Infra-red (cm.“1) .......... :. absp. absp. 2267 obsc. obsc. obsc. 3066 3079 


Adopted frequency (cm. 15743 1591-1 2269-0 3041 30548 3060 3066 3079 


tion (“‘ absp.’’), in which, however, we were unable to observe any definite and reproducible intensity maxima 
(see Fig. 1). Other expected infra-red frequencies lie so close to observed bands that they may be assumed 


Fic. 2. 


Infra-red 
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Diagrammatic comparison of the Raman and infra-red spectra of monodeuterobenzene. 


to be obscured by overlapping (Fig. 1). One Raman frequency, that at 849-9 cm.-, is forbidden (“ F”’) in 
the infra-red. 

There is one case in which we have employed adopted, rather than observed, frequencies, not because 
we have two observed values of the same fundamental frequency, but because one observed value represents 
two fundamental frequencies. The Raman line having a single observed intensity maximum at 601-8 cm. 
represents two nearly degenerate fundamental vibrations, and should theoretically be a close doublet. How- 
ever, we could not resolve it. This is not surprising, because the corresponding doublet line in the Raman 
spectrum of 1 : 4-dideuterobenzene was resolved, and the two maxima were found to be only 3-8 cm. apart. 
Presumably in the monodeuterobenzene doublet the separation would be about half this, say 2 cm.; and 
when two lines, each spreading over more than 20 cm.-", are so nearly coincident, resolution may well become 
impossible for the reason that the overlapping may build up a greater total intensity between the theoretical 
maxima than at those maxima. We assume the single observed maximum at 601-8 cm. to arise in this way 
from two nearly coincident lines, whose individual maxima must lie on either side of this frequency—in fact, 
very close to 601 cm. and 603 cm.-, if our estimate of the doublet separation is correct. In view of the 
difficulty of obtaining direct confirmation, we have adopted these values for the fundamental frequencies 
concerned. 

A schematic comparison of the Raman and infra-red spectra of monodeuterobenzene is given in 
Fig. 2. 
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DIscussION OF ASSIGNMENT. 


In the following discussion we shall deal mainly with the assignment of the fundamental frequencies. 
Reference to individual overtones and combination tones will be made only when special considerations are 
involved. 

Monodeuterobenzene illustrates the benzene model of symmetry C,,; the y-axis, that is, the para-axis 
passing through the deuterium atom, is a two-fold axis of symmetry, and the molecule has two planes of 
symmetry, one of which is the plane of the ring. In the absence of any three-fold axis, there are no strictly 
degenerate vibrations; and thus the 30 vibrational degrees of freedom correspond to 30 distinct fundamental 
frequencies. As there is no centre of symmetry, many of the fundamental frequencies are allowed, as we have 
seen, to appear in both the Raman and infra-red spectra. They are divisible into four symmetry classes as 
follows (Part XI, Table X, this vol., p. 228). 


Infra-red band type 


The eleven A, frequencies represent planar vibrations having the full symmetry of the molecular model. 
They are allowed to appear in both the Raman and the infra-red spectra. The principal components, a, b, 
and ¢c, of the polarisability preserve their directions but vary as to magnitude during these vibrations. The 
entry “ Pol.” means that the Raman lines are allowed by symmetry to have depolarisation factors falling 
below the limiting value 6/7. However, the depolarisation factors need not in all cases fall appreciably below 
6/7; and they will not do so when a, b, and ¢ so vary that their average (a + b + c)/3 remains nearly con- 
stant. On the other hand, no depolarisatibn factors under 6/7 are allowed in the other symmetry classes, and 
hence an observed low depolarisation factor is diagnostic for 4, symmetry. The electric moment oscillates 
along the y-axis. Hence the vibrations give rise to what we call pseudo-perpendicular bands (“piy7’’) in 
the infra-red spectrum. A pseudo-perpendicular band can be recognised from its similarity to the perpen- 
dicular bands of the symmetrical-top benzenes : a PR-separation of about 15 cm.-! is expected. 

The class called B, contains the 10 planar vibrations which do not preserve the two-fold axis of symmetry. 
In them, the principal components of the polarisability preserve their magnitudes but change their directions, 
There is a libration of the polarisability ellipsoid about the z-axis (normal to the plane of the ring), and a 
variable dipole moment parallel to the x-axis. These vibrations give depolarised Raman lines and pseudo- 
perpendicular infra-red bands. 

An interesting situation arises in the A, symmetry class. It contains 3 out-of-plane vibrations, which 
preserve the two-fold y-axis of symmetry. They are allowed by the symmetry of their class to appear in the 
Raman spectrum, but when we look beyond these class requirements, and consider from the point of view of 
symmetry the forms of the normal co-ordinates, we find that two of the three vibrations cannot in fact appear 
in the Raman spectrum, because they can cause no change in any component of the polarisability. The 
third vibration is really allowed in the Raman effect. It sets up a libration of the polarisability ellipsoid 
about the y-axis. All three vibrations of this class are forbidden by symmetry in the infra-red spectrum. 

The 6 vibrations of the B, class preserve neither the plane of the ring nor the two-fold y-axis. The polaris- 
ability ellipsoid undergoes libration about the %-axis, and the electric moment varies parallel to the z-axis. 
These vibrations give depolarised Raman lines, and infra-red bands of the type which we call pseudo-parallel, 
because of their similarity to the parallel bands of the symmetrical-top benzenes. The bands are broad, the 
expected PR-separation being about 25 cm.: such broad bands are peculiar to this symmetry class. 

The symmetry C,, of monodeuterobenzene is a sub-group of the symmetry V, of 1: 4-di- and 1: 2:4: 5- 
tetra-deuterobenzene; it is also a sub-group of the symmetry D,, of 1:3: 5-trideuterobenzene; and the 
symmetries V, and D,, in their turn are sub-groups of symmetry D,, of benzene and hexadeuterobenzene. 
We have seen (Part XI, loc. cit.) how the symmetry classes of the vibrations of point-groups of high symmetry 
become mixed together in pairs when a symmetry element, by reference to which they were distinguished, 
disappears in a sub-group. We have also seen how the mixing of the classes of the parent group causes a 
sharing, throughout the combination class of the sub-group, of such spectral activity as may have been 
characteristic of only one of the classes of the original group. Such sharing is naturally limited by the principle 
that a modification of atomic masses which can only slightly alter a normal co-ordinate cannot have a large 
effect on intensity. It follows that, if the vibration before the modification of symmetry was forbidden in a 
particular spectrum, it will not usually appear strongly after the modification, whilst if it was originally strong, 
it will not normally become very weak. These are general considerations, subject to modification in par- 
ticular cases; but it remains true that intensity in the spectrum of a less symmetrical benzene is closely con- 
nected with the genesis of its vibrations in those of more highly symmetrical benzenes. Much of the evidence 
on which we base our assignment of the Raman and infra-red fundamental frequencies of monodeuterobenzene 
is derived from comparisons between these spectra, on the one hand, and the already understood Raman and 
infra-red spectra of the V,, D3,, and D.,, benzenes, on the other. The relations between the symmetry classes 
belonging to these different types of molecular symmetry are part of the argument, and are summarised in 
Table V of Part XI (this vol., p. 227). 
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The A, Fundamental Frequencies.—The eleven fundamental vibrations of the A, symmetry class comprise 
five carbon vibrations and six hydrogen vibrations. They are allowed by the selection rules in both Raman 
and infra-red spectra. 

We shall first consider the carbon vibrations which derive from carbon vibrations of the four related 
symmetry classes of the Dg, benzene model, and, as compared with these vibrations of benzene, are not expected 
to be much changed in form or frequency by the introduction of a deuterium atom; for in all cases the motion 
can, aS an approximation, be regarded as affecting the CH-groups, and the CD-groups as a whole. There is 
a similarly close relation between these vibrations of monodeuterobenzene and the corresponding vibration of 
1 : 4-dideuterobenzene, and even of 1:3: 5-trideuterobenzene. The following list contains the frequencies 


(in cm.) assigned to these five vibrations of monodeuterobenzene together with their Raman depolarisation 
factors (in parenthesis) where known : 


980-0 (0-28) 1006-8 (0-40) 601 (0-8) 1591-1 (0-8) 1480 (—) 


The frequency 980-0 cm. corresponds, as is shown by its outstanding strength and high polarisation in 
the Raman effect, to the carbon ring breathing frequency, 991-6 cm.-, of benzene. The frequency 1006-8 cm.-, 
which appears fairly strongly and with considerable polarisation in the Raman spectrum, corresponds to the 
planar, trigonal, carbon bending vibration of benzene, the frequency of which, 1010 cm.-", is only known 
indirectly, since the vibration is inactive in both Raman and infra-red spectra of benzene. These statements 
concerning the correspondence of the monodeuterobenzene vibrations with those of benzene represent only 
a first approximation. For Ingold pointed out the existence of two strong, polarised Raman lines, in 
the region ca. 950—1000 cm.-, of mono-, 1 : 3 : 5-tri- and penta-deuterobenzene, but not of benzene, 1 : 4-di-, 
1:2:4:5-tetra- and hexa-deuterobenzene; and these facts imply a mixing of the characters of the 
breathing and trigonal bending vibrations in the mono-, tri-, and penta-deutero-compounds, as symmetry 
considerations allow (Z. Elektrochem., 1938, 44, 20; Proc. Roy. Soc., 1938, A, 169, 149). Langseth and Lord 
noted that the frequencies of the two vibrations are spread apart in these compounds, as they should be if 
the allowed interaction actually occurs (Kgl. Danske Vidensk. Selsk., 1938, 16, 6). Without the interaction, 
the frequencies in monodeuterobenzene should be about 985 cm.- and 1000 cm.-', and the upper frequency 
would be spectrally inactive : we find two frequencies at 980-0 and 1006-8 cm.-, both active (lines A and C 
in Figs. 3a and 3b, p. 307). The situation is very similar to that obtaining in 1: 3: 5-trideuterobenzene 
(Part XVII, this vol., p. 255), except that in this compound the mixing is appreciably more drastic, as may 
be judged either from the greater frequency shifts or the increased relative intensity of the higher frequency. 
The normal co-ordinate diagrams for monodeuterobenzene will be as for the A,, and B,, carbon vibrations 
of benzene (Part XI, Fig. 1, this vol., p. 231), but modified to give the CD-group a larger relative amplitude 
in the lower frequency, and a smaller relative amplitude in the upper. 

The frequency 601 cm. is an estimated value for the lower component of an unresolved, close doublet 
(mean frequency 601-8 cm.-') appearing in the Raman spectrum. It corresponds to the Raman frequency 
605-6 cm. of benzene, and to the lower component, 596-6 cm.-, of the resolved Raman doublet of 1: 4- 
dideuterobenzene. The vibration concerned consists essentially of a stretching and contraction of the carbon 
ting along the y-axis, accommodated almost entirely by the bending of the ring angles rather than by alter- 
ations in the bond lengths. The benzene frequency is degenerate, and becomes replaced by a pair of frequencies 
in mono- and 1 : 4-di-deuterobenzene. The reason why we choose the lower frequency of each of these pairs 
to represent the totally symmetrical bending vibration has been explained for the case of 1 : 4-dideutero- 
benzene in Part XVIII (this vol., p. 277). The normal co-ordinate diagram for the monodeuterobenzene 
vibration must be very similar to that given in Part XVIII for the corresponding vibration of 1 : 4-dideutero- 
benzene [diagram (II), this vol., p. 278]. The normal co-ordinates are also closely similar to the appropriately 
chosen normal co-ordinate of the degenerate benzene vibration; and, as we explained in Part XVIII, this is 
the reason why the Raman depolarisation factors approximate to 6/7, even though in mono- and 1 : 4-di- 
deuterobenzene the vibrations are totally symmetrical. 

The monodeuterobenzene frequency 1591-1 cm.-! is the upper component of a resolved, Ramand oublet. 
It corresponds to the Raman benzene frequency 1596 cm, and to the upper component, 1587 cm.-, of a 
similar Raman doublet of 1 : 4-dideuterobenzene. The vibration consists of a lateral dilatation and contrac- 
tion of the carbon ring produced mainly by stretching and compressing of the bonds. The frequency, which 
is degenerate in benzene, becomes split into a pair of frequencies in mono- and 1 : 4-di-deuterobenzene; and 
we select the upper member of each pair for the totally symmetrical stretching vibration of these molecules, 
for the reasons given, in the case of 1 : 4-dideuterobenzene, in Part XVIII (loc. cit.). The normal co-ordinate 
of the monodeuterobenzene vibration must be very similar to that depicted in Part XVIII [diagram (III), 
this vol., p. 278] for the vibration of 1: 4-dideuterobenzene. Both are similar to the appropriate normal 
co-ordinate of the degenerate benzene vibration, and that is why the Raman depolarisation factors of these 
totally symmetrical vibrations of mono- and 1 : 4-di-deuterobenzene are close to 6/7. 

The monodeuterobenzene frequency 1480 cm. is the upper component of yet another doublet arising from 
the resolution of degeneracy in a benzene vibration. The benzene frequency, 1485 cm.-', is active in the 
infra-red spectrum only. It becomes replaced in 1 : 4-dideuterobenzene by a doublet, also active only in 
the infra-red, the upper frequency having the value 1469 cm. The doublet of monodeuterobenzene is 
allowed to appear in both the infra-red and the Raman spectra, and in fact appears strongly in the former 
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and weakly in the latter. The vibration, which we call a ring deformation, since it involves both stretching 
and bending of the carbon bonds, is totally symmetrical for monodeuterobenzene, but not for 1 : 4-dideutero- 
benzene, or any benzene of higher symmetry. However, the monodeuterobenzene vibration must be very 
similar to the 1: 4-dideuterobenzene infra-red vibration of -identical symmetry, which is described and 
depicted in Part XIX [diagram (VIII), this vol., p. 296]. Both must be closely similar to the appropriate 
component of the degenerate deformation vibration of benzene itself. The reasons for choosing the upper 
frequency of the monodeuterobenzene doublet to represent the totally symmetrical deformation vibration 
are similar to the reasons, given in Part XIX, for assigning the upper member of the 1 : 4-dideuterobenzene 
doublet to the vibration of related symmetry. 


Hydrogen stretching vibrations of the A, class. 


(I; 2269-0 (11;3054-0 3060.cm.-?.) (IV; 3066 cm-+.) 


Hydrogen stretching vibrations of the B, class. 
D 


(V; 3041 cm:1.) (VI; 3079 cm.-4) 


The A, symmetry class of vibrations of monodeuterobenzene contains two hydrogen bending frequencies 
and four hydrogen stretching frequencies. The following is a list of the assigned frequencies (in cm.-'); 


Raman depolarisation factors (in parenthesis), and infra-red PR-frequency separations {in braces}, are added 
where known : 


1175-6 (0-8) 1031-0 {19} 2269-0 (0°61) 3054-8 (0-43) 3060 {(—)} 3066 {(—)} 


The first two of these frequencies belong to the protium bending vibrations. The third is obviously a deuterium 
stretching vibration, and the last three protium stretching vibrations. 

Benzene has two planar hydrogen bending vibrations which have counterparts in the totally symmetrical 
class of vibrations of monodeuterobenzene. Both the benzene vibrations are degenerate, but in each case 
one normal co-ordinate possesses (at least) the total symmetry of monodeuterobenzene. One benzene frequency 
appears strongly in the Raman spectrum of that substance, at 1178-0 cm.-'. Its counterpart in monodeutero- 
benzene is now identified as the upper member (line G, Fig. 4b, p. 311), 1175-6 cm., of a Raman doublet 
(lines F and G, Fig. 4b). It corresponds, again, to the upper member, 1173-4 cm., of the strong doublet 
appearing in the Raman spectrum of 1: 4-dideuterobenzene. The monodeuterobenzene frequency, unlike 
the others, is allowed to appear in the infra-red spectrum : we found weak absorption in this region, but the 
band ‘was too feeble to be distinguished against the background. The reason for taking the upper member 
of the monodeuterobenzene doublet to represent the totally symmetrical vibration is the same as the reason, 
given in Part XVIII, for assigning the upper member of the 1 : 4-dideuterobenzene doublet to the vibration 
of total symmetry. The approximate normal co-ordinate is graphically shown [diagram (VII), p. 310). 
In it, the atoms on the y-axis do not move. The normal co-ordinate and frequency will thus remain the 
same in 1 : 4-dideuterobenzene, monodeuterobenzene, and benzene. In fact we find the frequencies very 
little altered, and this confirms the assumption underlying the normal co-ordinate diagram, viz., that the 
vibration is a pure hydrogen bending vibration. Since the vibration in benzene, being degenerate, must 
have a Raman depolarisation factor of 6/7, the corresponding Raman lines of mono- and 1 : 4-di-deuterobenzene 


must have the same depolarisation factor, even though, in these substances, general considerations of symmetry 
would not so restrict the value. 
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(a) Microphotometer record of part of the Raman spectrum of monodeuterobenzene excited by Hg 4358-34 a. (line A is over- 
exposed). (b) Record on a more open scale of part of the same region (from a less strongly exposed plate). 
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The other relevant hydrogen bending frequency of benzene is found in the infra-red spectrum of that 
substance at 1037 cm.-'; it is forbidden in the Raman spectrum. This vibration is also degenerate. The 
frequency of the correlated totally symmetrical vibration of monodeuterobenzene appears strongly in the 
infra-red spectrum at 1030 cm.-, and the band has a companion of higher frequency (Fig. 1). The corre- 
sponding band in the infra-red spectrum of 1 : 4-dideuterobenzene appears at 1033 cm.-'; it also has a com- 


_panion of higher frequency. The 1: 4-dideuterobenzene frequencies are forbidden in the Raman effect, but 


the monodeuterobenzene frequencies are allowed by the selection rules to appear in the Raman spectrum. 
Both in fact appear, though not very strongly, the lower at 1031-0 cm.- (lines D and E, Fig. 3a). The reasons 
underlying the choice of the lower monodeuterobenzene frequency 1030—1031 cm.-', to represent the totally 
symmetrical vibration correlated with the frequency 1037 cm. of benzene, are identical with the reasons 
given in Part XIX, for the assignment of the 1 : 4-dideuterobenzene frequency, 1033 cm.-, to a corresponding 
vibration. In the approximation in which these vibrations are regarded as pure hydrogen bending vibrations, 
the deuterium atoms of mono- and 1: 4-di-deuterobenzene do not move; and thus the normal co-ordinates 
of the vibration for benzene and mono- and 1: 4-di-deuterobenzene should be identical [diagram (VIII), 
p. 310]. In this approximation, therefore, the frequencies should be identical, and the monodeuterobenzene 
frequency should have zero intensity in the Raman effect, even though it is not forbidden by the symmetry 
of the vibration. The deviations from identity amongst the frequencies, and the finite intensity with which 
the monodeuterobenzene frequency appears in the Raman spectrum, show that the assumed normal co- 
ordinate is not quite exact, as indeed, we concluded in Part VIII in relation to the vibration of benzene itself 
(J., 1936, 983). 

The six hydrogen stretching vibrations of monodeuterobenzene are-expected to separate sharply into one 
deuterium stretching and five protium stretching vibrations. The deuterium, and three of the protium, 
stretching vibrations fall within the A, symmetry class; the other two protium stretching vibrations belong 
to the B, class. It is convenient to deal with them all together. Approximate normal co-ordinates of all 
six vibrations are given in diagrams (I)—(VI). Here, as elsewhere in this paper, the small carbon amplitudes 
in hydrogen vibrations are left unspecified because the formule by which we might have represented them 
are complicated even though only approximate. 

The deuterium stretching vibration (I) appears as a single strong frequency in both Raman and infra-red 
spectra. There is no difficulty in identifying the frequency as 2269-0 cm.-. 

Three strong lines appear in the Raman spectrum in the region of protium stretching frequencies. They 
occur at 3041, 3054-8, and 3060 cm.-! (lines X, Y, and Z in Fig. 4a, which is further discussed on p. 312). 
The centre line is considerably more intense than either of the others. Moreover it is considerably polarised. 
It will certainly be correct to assign this strongest Raman frequency, 3054-8 cm.-', to the vibration (II), in 
which all the five protium bonds are stretched in phase. 

The normal co-ordinate of one vibration (V) is an unmodified reproduction of a normal co-ordinate assigned 
(Part XI, Fig. 1, this vol., p. 231) to the degenerate, E,+, hydrogen stretching vibration of benzene. This 
appears in the Raman spectrum of benzene with a frequency of 3046-8 cm.'. In so far as the normal co- 
ordinate represents a pure hydrogen stretching vibration, the atoms onthe y-axis do not move; and hence 
the same vibration should appear with the same frequency in the Raman spectrum of 1 : 4-dideuterobenzene. 
It is there found with the very slightly displaced frequency 3042 cm. (Part XVIII, this vol., p. 272). 
The same vibration should occur in monodeuterobenzene, and should appear, with an identical frequency, 


. in the Raman spectrum only, even though the selection rules would not forbid its appearance in the infra-red 


spectrum. To this vibration we must obviously assign the frequency 3041 cm.-', which has been found only 
in the Raman effect. 

The only other hydrogen stretching vibration which could appear at all strongly in the Raman spectrum 
of monodeuterobenzene is that represented in diagram (III). We assign to this vibration the remaining 
member of the Raman group of hydrogen stretching lines, namely, that with the frequency 3060 cm.-. 

The normal co-ordinate of diagram (VI) is identical with one of the normal co-ordinates assigned (Part XI, 
Fig. 1, loc. cit.) to the degenerate, E,~, hydrogen stretching vibration of benzene, which appears in the infra- 
red spectrum at 3080 cm.-. In so far as the vibration is a pure hydrogen stretching motion, the atoms on 
the y-axis remain stationary in this normal co-ordinate. Hence the same vibration should appear, with 
the same frequency, in the infra-red spectrum of 1 : 4-dideuterobenzene; where in fact it is observed at 3079 
cm. (Part XIX, this vol., p. 288). We may also expect the vibration to occur, with an identical frequency, 
in the infra-red spectrum of monodeuterobenzene, and not at all, or at most only weakly, in the Raman 
spectrum of that substance; even though it is not forbidden in the Raman effect by the selection rules. The 
strongest band in the protium-stretching region of the infra-red spectrum is indeed found at 3079 cm.-*. The 
vibration appears weakly at most in the Raman spectrum, the feeble line at 3077 cm.-1 having an alternative 
possible explanation as an allowed combination tone. Accordingly we assign the frequency 3079 cm. to 
the vibration illustrated in diagram (VI). 

The normal co-ordinate of diagram (IV) is identical with that of the B,, protium stretching vibration of 
1 : 4-dideuterobenzene [diagram (VI), Part XIX, this vol., p. 296]. This is 5 active in the infra-red spectrum 
of that compound, and it was assigned the frequency 3060 cm.- (Part XIX, this vol., p. 294). The infra- 
red spectrum of monodeuterobenzene exhibits a complex group of band maxima in the protium-stretching 
neighbourhood, and it is difficult to select with certainty the independent vibration frequencies from the over- 
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lapped rotational band-structures. However, besides the strongest frequency, 3079 cm., which has already 
been assigned, there are at least two others, one probably given by the maximum at 3066 cm.-' of intermediate 
intensity, and one by the maximum at 3047 cm.-, the weakest of the three. We assign the frequency 
3066 cm.-' to the fundamental vibration represented by diagram (IV). Its frequency agrees satisfactorily 
with the frequency of the corresponding vibration of 1: 4-dideuterobenzene; and the intensity of the band 
is smaller than that of the band at 3079 cm.-', as should be the case according to an argument presented in 
Part XIX (loc. cit.) in connexion with the similarly related frequencies of 1 : 4-dideuterobenzene. The lowest 
and weakest frequency, 3047 cm., we explain as a combination tone, or possibly an overlapped pair of 
combination tones, deriving added intensity by resonance with one of the neighbouring fundamental frequencies 
(Table I, p. 300). 

The A, series of assignments may be checked by reference to the product rule. The necessary product 
ratios are in Part XI, Table XI (this vol., p. 232). For the product of the inactive B,, frequencies of benzene 
we take the value calculated in Part XIX (this vol., p. 295). The following ratios are typical : 


TIA yy, By, Egt, 991-6 x 3061-9 x 3082 x x 605-6 x 1596 x 1178-0 x 3046-8 x 1485 x 1037 x 3080 


11,4 ,(C,H;D) ™ 980-0 x 3054-8 x 1006-8 x 3060 x 601 x 1591-1 x 1175-6 X 2269-0 x 1480 x 1031-0 x 3066 
: = 1-399 (harmonic value = 1-405) 
ILA /(CgsH,D) 980-0 x 3054-8 x 601 x 1591-1 x 1175-6 x 2269-0 x 1006-8 x 3060 x 1480 x 1031-0 x 3066 


TlAg, Boy(1 : 4-CgH,D,) = 978-0 x 3055-0 x 5966 X 1587-0 X 1173-4 x 2280-0 x 992 x 3060 x 1469 x 1033 x 2275 
= 1-388 (harmonic value = 1-405) 
IIA ,(C,H;D) __* 980-0 x 1006-8 x 3054-8 x 3060 x 601 x 1591-1 x 1480 x 1031-0 x 1175-6 x 2269 x 3066 
ILA)’, E’(1:3:5-C,H,D,) 956-2 x 1003-6 x 2281-9 x 3052-7 x 593-0 x 1573-1 x 1407 x 833-5 x 1101-8 x 2292 x 3084 
= 1°936 (harmonic value = 1-973) 


The differences between the theoretically calculated and experimentally derived product ratios are of about 
the expected magnitude, and can be attributed to effects of anharmonicity. 

The B, Fundamental Frequencies.—It seems natural to deal next with the remaining planar vibrations : 
there are ten, all belonging to the B, symmetry class. They comprise four carbon and six hydrogen vibrations. 
According to the selection rules, they are allowed in both Raman and infra-red spectra. 

The four carbon vibrations are closely similar to certain vibrations of benzene itself. The frequency 
of one of the four, that corresponding to the B,,, carbon vibration of benzene, is left undetermined. The 
same point arose in Part XIX in connexion with 1 : 4-di- and 1: 2: 4: 5-tetra-deuterobenzene, in which the 
cognate vibration is allowed in the infra-red spectrum. The normal co-ordinate diagram is given in that 
paper [diagram (IX), this vol., p. 298]. However, we postpone making assignments to this vibration until 
the evidence can be considered collectively (next paper). 

The frequencies of the other three carbon vibrations have already been identified by implication as the 
non-totally symmetrical members of the doublets formed by the splitting in monodeuterobenzene of those 
planar carbon frequencies which are degenerate in benzene. The assigned frequencies (in cm.-') are as 
follows: Raman depolarisation factors (in parenthesis), and infra-red frequency separations {in braces} of 
the P and R rotational branches, are added in so far as they are known : 


603 (0-8) 1574-3 (0-8) 1450 {14} 


One of the doublets which contain these frequencies is the strong, unresolved, Raman doublet, centred 
at 601-8 cm.-, representing planar bending of the carbon ring. In the approximation in which this is regarded 
as a pure Carbon bending vibration, the atoms on the y-axis remain stationary, and therefore the normal 
co-ordinate, which is shown diagrammatically in Part XVIII [diagram (VII), this vol., p. 284], should be the 
same in benzene, monodeuterobenzene, and 1: 4-dideuterobenzene. Thus the frequency should be nearly 
the same in the three compounds. In fact, it is 605-6 cm in benzene, and 600-9 cm.“ in 1 : 4-dideutero- 
benzene : our estimate of its value in monodeuterobenzene is 603 cm.-. 

Next there is the Raman doublet corresponding to the planar stretching of the carbon ring: the lower 
frequency of this doublet, 1574-3 cm., must be assigned to the vibration of the B, symmetry class. An 


approximate normal co-ordinate diagram for the corresponding vibration of 1 : 4-dideuterobenzene is shown | 


in Part XVIII [diagram (VIII), this vol., p. 284], and a similar diagram, with slightly changed relative 
amplitudes, would apply to monodeuterobenzene. 

The remaining B, vibration, corresponding to deformation of the ring, is represented by the lower frequency, 
1450 cm.-, of the strong infra-red doublet, which also appears, although weakly, in the Raman effect. The 
approximate vector diagram of the analogous vibration of 1 : 4-dideuterobenzene, given in Part XIX [diagram 
(XIII), this vol., p. 298], will apply, with slightly altered directions and amplitudes, to monodeuterobenzene. 

The frequencies which have been assigned to the six hydrogen vibrations of the B, class are given below 
(in cm.) ; Raman depolarisation factors (in parenthesis), and infra-red PR-frequency separations {in braces}, 
are added when known : 

858(0-8){17} 1076{17} 1158-2(0-8) 1292{(—)} 3041{(—)} 3079{ ~16} 

The last two of these frequencies represent protium stretching vibrations, and these have already been 
discussed. One is recorded as the moderately strong Raman line at 3041 cm, diagram (V), and the other 
as the strong infra-red band at 3079 cm, diagram (VI). 
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The remaining four vibrations of the B, class are hydrogen bending vibrations. Approximate normal 
co-ordinates of these, as well as of the two hydrogen bending vibrations of the A, class, which have already 
been discussed, are given in diagrams (VII)—(XII). We proceed with the consideration of the vibrations 
of the B, class [diagrams (IX)—(XII)]. 

The deuterium bending vibration [diagram (IX)] is easily recognised in the spectra. There is no alternative 
but to assign to this vibration the strong frequency 858 cm.-!, which appears as a pseudo-perpendicular band 
in the infra-red spectrum, and as a depolarised line in the Raman spectrum (line Q, Fig. 5, p. 313). There 
is no observed frequency other than this one which could be assigned to the vibration of diagram (IX): cer- 
tainly the neighbouring Raman frequency 848-9 cm.-! (line P, Fig. 5) cannot be so assigned since it is required 
for another purpose, mentioned later. 


- Planar hydrogen bending vibrations of the A, class. 


(VII; 1175-6 cm.-*,) (VIII; 1031-0 
Planar hydrogen bending vibrations of the B, class. 


(IX; 858 cm.-1) (X; (XI; 1076 (XII; 1292 cm.-1) 


The protium bending vibration represented in diagram (X) should be moderately strong in the Raman 
effect, and weak in the infra-red spectrum. In these respects it resembles the vibration of diagram (VII). 
In fact, the vibrations (VII) and (X) may be regarded as having a common origin in the degenerate Raman 
vibration of benzene of frequency 1178-0 cm.-!, even though practically the whole of the modification produced 
by the loss of symmetry becomes concentrated in vibration (X), vibration (VII) remaining almost unchanged. 
The two relevant frequencies, 1158-2 and 1175-6 cm., of monodeuterobenzene, are represented by the Raman 
lines F and G of Fig. 4b (p. 311). The higher frequency has already been assigned (p. 306) in the A, sym- 
metry class to the nearly unmodified vibration (VII), and we must now assign its companion, 1158-2 cm. 
(line F, Fig. 4b) to the more altered B, vibration, approximately represented by diagram (X): The frequency 
appears weakly, but measurably (1161 cm.-*), in the infra-red spectrum. , 

The protium bending vibration illustrated by diagram (XI), like that shown in diagram (VIII), should 
appear moderately strongly in the infra-red spectrum, and weakly in the Raman spectrum. These vibrations 
may be supposed to be derived by the breaking down of the degeneracy of the benzene infra-red vibration 
of frequency 1037 cm.-', even though most of the change induced by the loss of symmetry appears in vibration 
(XI), vibration (VIII) remaining little altered. The corresponding frequencies of monodeuterobenzene, 
1031-0 and 1076 cm.-", appear strongly in the infra-red spectrum (Fig. 1), and somewhat weakly in the Raman 
spectrum (lines D and E, Fig. 3a). The former frequency having been assigned in the A, symmetry class to 
vibration (V. III), we must assign the latter, 1076 cm. (line E, Fig. 3a), to the B, vibration, approximately 

represented in diagram (XI). 

The vibration represented by diagram (XII) is identical in the approximation to which our vector diagrams 
are valid with the vibration of 1 : 4-dideuterobenzene to which the frequency 1309-0 cm. was assigned in 
Part XVIII (this vol., p. 272). A monodeuterobenzene frequency in this neighbourhood would therefore 
be expected. The 1: 4-dideuterobenzene frequency appeared with no more than a moderate intensity in 
the Raman spectrum; it is forbidden, and did not appear, in the infra-red spectrum. The corresponding 
monodeuterobenzene frequency would therefore be expected to appear with moderate intensity in the Raman 
spectrum, whilst it should at best be weak in the infra-red spectrum. Actually, in the whole range, 1000— 
1350 cm.-', in which planar bending frequencies of protium can be sought, there is only one unassigned Raman 
frequency. It is represented by a line of moderate intensity at 1292 cm.-, labelled H in the microphotometer 
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reproduction of Fig. 4b. There can be no reasonable doubt that this is the required frequency. In the infra- 
red spectrum there is weak absorption in this region, but the band cannot be clearly distinguished from the 
background of overlapping combination tones. (In the Raman spectrum there are overlapped combination 
tones on the high-frequency side of the line at 1292 cm.-, but here it is only the combination tones which 
cannot be separately distinguished.) 

Since our recognition of the frequency 1292 cm.- depends entirely on observation in the Raman spectrum, 
and since it was not recorded as a Raman frequency by Langseth and Lord (loc. cit.), we here establish its 
existence with the aid of Figs. 4a and 4b. These are photographic reproductions on the same scale of micro- 
photometric records of the same spectral region, approximately 1130—1316 cm. on the Stokes side of Hg 
4358-34 a., or about 2897—3083 cm.-! on the Stokes side of Hg 4046-56 a. The Raman plate which gave 
the record of Fig. 4a was taken with the incident mercury radiation passing through an iodine filter, which 
strongly reduces the intensity of Hg 4358-34 a. relatively to that of Hg 4046-56 a. The group, XYZ, of 
strong Raman frequencies, 3041, 3054-8, and 3060 cm.-, as well as the weak Raman line, W, of frequency 
2998 cm.-' (a combination tone), all arise from excitation by Hg 4046-56 a. The plate which produced the 
record of Fig. 4b was taken with incident mercury radiation filtered by 3 cm. of saturated sodium nitrite : 
this filter practically eliminates the Raman spectrum excited by Hg 4046-56 a. The rather strong doublet 
FG representing the vibration frequencies 1158-2 and 1175-6 cm.-', and the line of moderate intensity H 
having the Raman frequency 1292 cm.-, are therefore excited by Hg 4358-34 a. Now when unfiltered mer- 
cury radiation is used for excitation, line H, 1292 cm. from Hg 4358-34 a., coincides exactly with line Z, 
3060 cm.- from Hg 4046-56 a.; and it is clear that Langseth and Lord, who used unfiltered light, must have 
assumed the resultant photographic effect to be due to Raman excitation by Hg 4046-56 a. only. However, a 
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comparison of the two photographs here reproduced shows that both Raman lines exist. The fact that the 
strong line G of Fig. 4b is only just visible in Fig. 4a is sufficient proof that the considerably weaker line H 
cannot have registered in Fig. 4a: the existence of line Z, having the Raman frequency 3060 cm.-, is thus 
confirmed. Likewise the fact that the very strong line Y of Fig. 4a is invisible in Fig. 4b demonstrates that 
line Z cannot contribute appreciably to the recorded intensity of the line labelled H in Fig. 4b. The existence 
of a line of moderate strength having the Raman frequency 1292 cm. is thus established. 

The A, Fundamental Frequencies.—Of the nine out-of-plane fundamental vibrations, three belong to the 
A, symmetry class. They preserve only one of the symmetry elements of the molecular model, namely, 
the two-fold y-axis. This fact forbids their appearance in the infra-red spectrum, but it does not of itself 
forbid them in the Raman effect. However, when we set up the normal co-ordinates, in accordance with 
the orthogonality principle, as is done graphically in diagrams (XIII)—(XV), we find that the atoms on the 
y-axis do not move. We can therefore, without affecting the vibrations in any way, replace the deuterium 
atom by protium, or the #-protium atom by deuterium, thus introducing new symmetry which, although 
not possessed by the original molecular model, is relevant to the consideration of the spectral activity of 
these particular vibrations. One new symmetry element which either substitution would introduce is a 
centre of symmetry; and, in relation to an added centre, the class of vibrations becomes divided into two 
sub-classes. One sub-class consists of the vibration represented in diagram (XIII), which is symmetric to 
the newly introduced centre of symmetry. The other consists of the vibrations of diagrams (XIV) and (XV), 
which are antisymmetric to the centre. These are forbidden in the Raman effect, and since it makes no 
difference to the form of the vibration if we drop back again to the original symmetry, the vibrations must 
be forbidden in the Raman effect even when, as in monodeuterobenzene, the hydrogen atoms on the y-axis 
are isotopically dissimilar, and there is no centre of symmetry. Thus only the vibration of diagram (XIII) 
can be spectrally active : it is forbidden in the infra-red, but allowed in the Raman spectrum. 

The frequency of this vibration is known, as it has been observed as 848-9 cm.-! in the Raman spectrum of 
benzene and 849-5 cm.-! in the Raman spectrum of 1 : 4-dideuterobenzene. We find it in the Raman spectrum 
of monodeuterobenzene as a line of frequency 849-9 cm.!; and the measured value is here likely to be 
slightly too high on account of overlapping with the deuterium planar bending line of measured frequency 
857-1 cm. (a value likely, for similar reasons, to be a little too low). A microphotometric trace showing 
these overlapped lines is reproduced in Fig. 5. Of these two vibrations, only the deuterium planar bending 
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vibration should be active in the infra-red spectrum; and, consistently, the infra-red band in this region 
has the width and symmetry of a single pseudo-perpendicular band, centred about 858-5 cm. (Fig. 1). 

The intensity of the Raman line at 849-9 cm. (line P, Fig. 5) should be the same as that of its counter- 
part belonging to 1 : 4-dideuterobenzene (measured intensity 0-5), and one-half of that of the corresponding 
line of benzene (measured value 0-9); for in benzene the vibration is doubly degenerate. In the monodeutero- 
benzene spectrum, the overlapping with the line at 857-1 cm. (line Q, Fig. 5) is too great to permit of a 
separate’ measurement of the integrated intensity of either line. But the intensity of the two lines together 
was found to be 1-2, and, as is obvious from Fig. 5, the line at . 


849-9 cm. contributes appreciably less than one-half of this Fic. 5. 
intensity. PQ 
The frequencies of the two inactive vibrations corresponding a 


to diagrams (XIV) and (XV) are derived from the evidence 
given in Part XXI (this vol., p. 316). A direct observation of 
the low frequency, as a very faint Raman line; has been recorded 
by Ingold (398 cm.1; Z. Elektrochem., 1938, 44, 20; Proc. Roy. 
Soc., 1938, A, 169, 149) and by Langseth and Lord (403 cm.-'; 
loc. cit.). It might appear very weakly, as it undoubtedly does 
in benzene, on account of a slight abrogation of selection rules, 
caused by intermolecular forces. We have seen possible traces 
of this line, but could not presume to record it on the slight 
evidence afforded by our more recent plates. 

The B, Fundamental Frequencies——The six out-of-plane 
vibrations which do not preserve the two-fold symmetry axis 
are allowed in both the Raman and the infra-red spectra. The 
bands in the infra-red spectrum are easily recognised if they are 
at all strong, for they must be of the pseudo-parallel type, 
and should be the only bands with the broad rotational envelope 
characteristic of this type. There is no distinguishing common 
characteristic of the Raman lines, which are of generally low 
intensity, although one, the line of lowest frequency, immediately 
identifies itself by its position in the spectrum. 

The frequencies (cm.-) which we have assigned to the vibra- 
tions of the B, class are as follows; the figures in parenthesis are 
the measured separation in cm. of the P and R intensity maxima 


of the infra-red bands : rT 
380 (~24 608 (25 698 (26) 
778 (37) 922 995 849:9 857-1cm. a4 


Four of these frequencies immediately identify themselves Microphotometric vecord vf @ region (830—880 
in the infra-red spectrum: the very strong band at 608 cmt, ©. from Hg 4358-34 a.) of the Raman spec- 
the fairly strong bands at 698 and 778 cm, and the band of “"™” °/ monadeulsrobensime, exctied by mercury 
moderate intensity at 922 cm.-, all are of the pseudo-parallel wd : 

type. In the Raman spectrum the frequency 778 cm.“ appears with moderate intensity, and the frequencies 
608 and 922 cm.-* show weakly, whilst the frequency 698 cm. cannot be seen at all in our photographs. 

The frequency 380 cm. is also easily recognised as one of this class. We know that the B, class of 
vibrations, which are derived from the A,,, By, E,*+, and E, vibrations of benzene, must include a vibration 
of characteristically low frequency, corresponding to the E,+ carbon vibration of benzene. This vibration 
is forbidden in the Raman spectra of benzene and of 1 : 4-di-, 1 : 2: 4: 5-tetra-, and hexa-deuterobenzene; but © 
it is allowed in the Raman spectra of mono-, 1: 3: 5-tri- and penta-deuterobenzene; and in the spectra of 
the last three compounds it plainly appears, as a line of somewhat less than moderate intensity, at 380, 372-7, 
and 364 cm.-1, respectively, the sole feature in these cases of what otherwise is a featureless spectral region 
for these, indeed for all, benzenes. The vibration is allowed to appear in the infra-red spectra of 1 : 4-di- 
and 1: 2:4: 5-tetra-deuterobenzene; and, although the frequencies are almost at the long-wave limit of 
observation with our spectrometer, we have recorded in these spectra somewhat weak bands, at 367 and 
383 cm,.-! respectively, which again dominate an otherwise featureless spectral region. There can be no 
doubt that all these frequencies have a common origin in a vibration of the type of the E,* carbon vibration 
of benzene. The monodeuterobenzene vibration is allowed to record its frequency in the infra-red, as well 
as in the Raman spectrum. We find it in the infra-red at 380 cm; and what can be seen of the 
totational envelope is in agreement with the theoretical requirement that the band is of the pseudo-parallel 


Five of the B, frequencies having thus been recognised, the sixth can be approximately located by an 
application of the product rule. The necessary comparison frequencies are known, ¢.g., in 1: 4-di- and 
1:3: 5-tri-deuterobenzene. Using either of these sets of frequencies, it can be shown that the sixth B, 
frequency of monodeuterobenzene must be close to 1000 cm.-+. It must therefore be near the upper limit 
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for out-of-plane frequencies, none of which, in any benzene, has been found to lie above 1000 cm.-', though 
several are close to this limit. 

In the infra-red spectrum of monodeuterobenzene there is only one band, in the whole range relevant 
to out-of-plane fundamental frequencies, which has not already been assigned as a fundamental band. This 
is a rather weak band of frequency 995 cm.-'. The band is certainly in the correct position, but since the 
form of the rotational contour could not be determined, it is necessary to consider what alternative assign- 
ments might be possible. First, the strong Raman frequencies, 980-0 and 1006-8 cm.-', might theoretically 
appear weakly in the infra-red spectrum. Actually there is a general background of weak absorption cover- 
ing all this region, but the agreement between the Raman frequencies and the frequency of the selective 
absorption centred at 995 cm.-* seems too poor to justify assigning the latter to either of the vibrations respons- 
ible for the Raman frequencies. Next, a combination tone 380 + 608 = 988 cm. is possible. However, 
here again the agreement of the frequencies is not very good; and the deviation is not in the usual direction. 
The remaining possibility is that the band represents a vibration, similar to that which has the frequency 
1006-8 cm.-!, but in a monodeuterobenzene molecule containing a %C atom: if the latter is in the ortho- or 
para-position with respect to the deuterium atom, the frequency of this planar, carbon bending vibration 
should be close to 995 cm.-?. However, considering the weakness with which this vibration appears in the 
infra-red spectrum of 1 : 4-dideuterobenzene, or of other deuterated benzenes in which it is active, we must 
conclude that only a weak band would be observed even with a pure 14°C isomeride (CD and ™%CH must 
behave very similarly i@ a carbon vibration). Taking account of the fact that only 1% of the carbon atoms 
in monodeuterobenzene have mass 13, it appears highly improbable that bands due to the planar carbon 
bending vibration of heavy-carbon forms of monodeuterobenzene would be detectable at all in the infra-red 
spectrum as measured by us. On the whole then it appears difficult to avoid assigning the 995 cm.-* frequency 
to the B, fundamental vibration of ordinary monodeuterobenzene, especially as there is no other frequency 
in the spectrum which can be so assigned. 

In the Raman spectrum there are three lines in the range of out-of-plane fundamental frequencies, which 
have not already been assigned as fundamentals. One is the extremely weak line at 757 cm.-*, which we 
assign with some confidence as a first overtone of the low-frequency fundamental, 380 cm.-1. The second is 
a rather weak, broad line, of frequency ca. 972 cm.-', labelled “‘ a ’’ in the microphotometer record reproduced 
in Fig. 3b (p. 307). This almost certainly represents the carbon ring ‘‘ breathing ”’ vibration of monodeutero- 
benzene molecules containing a 14°C atom, i.e., it is the heavy-carbon counterpart of the very strong Raman 
line (labelled ‘‘ A ”’ in Fig. 3) of frequency 980-0 cm.-!. The strength of the line at 972 cm. seems too great 
to admit of its interpretation as a difference tone, such as 1574-3 — 601 = 973-3 cm.1.* The third of the 
unassigned lines is the somewhat weak but sharper line of frequency 990 cm.-, labelled “‘ B”’ in Fig. 3b 
(p. 307). This is probably not a heavy-carbon line : frequencies between about 992 and 1005 cm.-, according 
to the position of the heavy carbon atom, are expected for that planar, carbon bending vibration which, in 
ordinary monodeuterobenzene, produces the Raman frequency 1006-8 cm.-'; but those frequencies of the 
heavy carbon group which lie lowest should appear more weakly than others which will have been raised 
and intensified by resonance with the heavy carbon “ breathing ’’ frequencies; and hence we ought not to 
be observing a ™°C frequency at 990 cm. when none is visible at, or just above, 1000 cm.*. We must con- 
clude therefore that all these heavy carbon bending frequencies are too weak for observation under our con- 
ditions. The line at 990 cm. likewise seems too strong for interpretation as a difference tone, 1591-1 — 
601 = 990-1 or 1591-1 — 603 = 988-1 cm.-1.* The remaining possibilities are (a) that it represents the allowed 
summation tone 380 + 608 = 988 cm.-1, (b) that it is to be identified with the infra-red frequency 995 cm. 
as the B, fundamental frequency. We are not able to decide between these possibilities, and as there seems 
to be little doubt about the origin of the infra-red band at 995 cm.-, we take this as giving the required B, 
fundamental frequency. 

Testing these assignments by means of the product rule (cf. Table XI of Part XI, this vol., p. 232), we 
find the following ratios : : 


_—_380 x 608 x 698 x 778 x 922 x 905 _ 
: 367 x 597 x 876 6341 X 736 x 967 1920 (harmonic value = 1-361) 


I1B,(C,H,D) _ 380 x 608 x 698 x 778 x 922 x 995 
TIA,”, E”’(1:3:5-C,H;D,) 533 x 691, x 915 x 372-7 x 710-2 x 947 
The first of the experimental ratios is lower than one would expect, but then it involves the 1 : 4-dideutero- 
benzene infra-red frequency 367 cm.-!, which is not accurately known, since a considerable part of the band 
was outside the range of our measurements. The corresponding frequency, 372-7 cm.-", of 1: 3 : 5-trideutero- 
benzene is accurately known from the Raman spectrum. 

* It is true that Langseth and Lord recognised (J. Chem. Physics, 1938, 6, 203) two of the weak frequencies which 
appear near the ring ‘‘ breathing ” frequency in the Raman spectrum of benzene itself to be constituted as differences 
of fundamental frequencies, 1606-4 — 605-6 = 1000-8 and 1584-8 — 605-6 = 979-2 cm.-!, more or less corresponding, 
therefore, to the frequency differences referred to in the text. But, as the authors pointed out, the Fermi resonance 
which creates the 1606-4—1584-8 cm.-! doublet in benzene, gives to the difference frequencies the character of fund- 
amentals of thermally excited molecules, rather than ordinary difference tones: compared to ordinary fundamentals, 
they are reduced in intensity by a Boltzmann factor, but they are not further reduced, as a difference-tone would be, 
by the intensity factor of second-order harmonics. It is the combination of the two effects which as a rule makes 
difference tones unobservably weak in the Raman effect. 


= 1-363 (harmonic value = 1-374) 
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Owing to the complicated nature of the coupling between out-of-plane bending vibrations (cf. Part XVII, 
this vol., pp. 261, 268), any assignment of normal co-ordinates to the individual frequencies of an out- 
of-plane symmetry class containing as many as six fundamental vibrations must be more than usually arbi- 

The attempt represented in diagrams (XVI)—(XXI) should be interpreted accordingly. Diagrams 


H 


(XVI; 608 cm.-?.) 


(XVII; 698 


(XIX; 380 , (XX; 778 cm.-2) 


(XVI)N—(XVIII) approximately correspond to the A,”’ normal co-ordinates of a D,, benzene, as given in 


H 


(XVIII; 922 


D D D 
H H H 
H (‘). H 


(XX1, 995 cm-?.) 


Part XVII (loc. cit.). The assigned frequencies and their spectral activities appear qualitatively intelligible 
by comparison with the relevant active frequencies of 1 : 3 : 5-trideuterobenzene (533, 691, and 915 cm.-, all 
infra-red active). The second frequency should agree exactly, and the third approximately, in the two com- 
pounds, if our representations were correct. For the remaining three frequencies, the E,+ and E,~ normal 
co-ordinates of a Dg, benzene, as shown in diagrams (XIX)—(XXI), seem to provide a better approximation 


than the E”’ co-ordinates of a D,, benzene, as represented in Part XVII (loc. 
cit.). The frequencies can be reasonably assigned on either basis (the benzenc 
frequencies are 405, 848-9, and 970 cm.-*, the second of them Raman-active), 
but the scheme illustrated appears to accord somewhat better with the Raman 
intensities. However, the infra-red activity of the frequency 778 cm. is not 
well represented, and this shows that the division of the six vibrations into two 
non-combining sets of three is a considerable over-simplification. 

The Raman-active Overtones and Combination Tones.—There is nothing in 
the symmetry classification of first overtones or binary combination tones to 
forbid the appearance of any of them in the Raman spectrum. However, it is 
obvious from the methods of deriving selection rules for combination tones (see 
Part XI, this vol., p. 233) that binary combinations between any totally sym- 
metrical frequency of the A, class and either of the two inactive frequencies of 
the A, class will be inactive in the Raman effect. Combination tones are 
assigned consistently with these principles in Table I. 

The Raman spectrum contains a number of peculiarly prominent higher 
harmonics, ¢.g., 2310-6, 2998, 3164-6 and 3182 cm.-, clustered, as is so usual, 
about one or another of the very strong fundamentallines, e.g., the line at 
2269-0 cm. and the line group at 3041, 3054-8, and. 3060cm.-". We may assume 
that the higher harmonics derive their considerable intensity by resonance, of 


' the type first described by Fermi, with neighbouring fundamental frequencies : 


it is significant that the symmetry category of these higher harmonics is always 
of a kind which would allow this to occur. In accordance with the general 
result of perturbation theory that effects of small perturbations on energy are 
quadratic, we find the frequency shifts arising from Fermi resonance less strik- 
ing on the whole than the intensity changes. However, one of the above-men- 
tioned combination lines, that at 2998 cm.-', appears to have sustained a not- 
able frequency shift, the theoretical frequency of the combination being 1450 
+ 1574-3 = 3024 cm... This figure lies only 1% away from the very strong 
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Lines excited by Hg 4358-34 a. : 
O, 778-7 P, 849-9 cm; 
Q, 857-1 

Line excited by Hg 4046-56 a. 
V, 2589-8 cm. 
Microphotometer record of 
part of the Raman spectrum of 
monodeuterobenzene, excited by 
unfiltered mercury radiation, 
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fundamental frequency, 3054-8 cm.-', of the same symmetry class; and this no doubt is responsible for both the 
frequency shift and the intensity increase apparent in the combination tone. 

There is one remarkable Raman combination tone, having the frequency 2589-8 cm.-', which is of the 
same order of strength as those just mentioned, but it is far removed from any active fundamental frequency, 
Langseth and Lord do not record this Raman line, and since in Part XXI we make use of it in a theoretical 
discussion, we here establish its reality with the help of the microphotometer record of Fig. 6. This is the 
densitometric trace of part of a Raman plate, taken with unfiltered mercury light in order to enable the intensity 
of the combination tone (marked V in Fig. 6), as excited by Hg 4046-56 a., to be visually compared with the 
intensities of several fundamentals, which, as excited by Hg 4358-34 a., appear close beside it on the plate 
(the exciting mercury lines are of the same order of intensity). As will be seen, the intensity of the com- 
bination tone is comparable with that of any of the active fundamental frequencies 778-7, 849-9, 857-1 cm. 
(marked O, P, Q in Fig. 6). 

The Infra-red-active Overtones and Combination Tones.—All first overtones and binary combination tones 
are allowed in the infra-red spectrum, except that frequencies of the A, class do not combine with those of 
the A, class, and that frequencies of the B, class do not combine with those of the B, class. The higher 
harmonic frequencies observed in the infra-red spectrum are assigned in accordance with these rules in Table II. 


Their relation to the higher harmonics of the infra-red spectra of benzene and 1 : 4-dideuterobenzene is 


considered in the next paper. 
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65. Structure of Benzene. Part XXI. The Inactive Fundamental Frequencies 
of Benzene, Hexadeuterobenzene, and the Partly Deuterated Benzenes. 


By Nora HERZFELD, CHRISTOPHER K. INGOLD, and Harry G. Poo.e. 


The determination of the 20 fundamental frequencies of benzene, hexadeuterobenzene, and 1 : 3 : 5-trideutero- 
benzene, and likewise of the 30 fundamental frequencies of mono-, 1: 4-di-, and 1:2: 4: 5-tetra-deutero- 
benzene is here completed. In particular, the frequencies have been found of those fundamental vibrations 
which are forbidden in both the Raman and the infra-red s m, and thus cannot be observed directly. 
Some assignments, deferred from preceding papers, of active fundamental frequencies have been made. Much 
of the evidence is derived from comparisons amongst active fundamental frequencies of partly deuterated 
benzenes, using the Teller-Redlich product theorem. Much more comes from the study of active higher 
harmonic frequencies: regularities are pointed out a the appearance of analogous higher harmonic 
frequencies in spectra of isotopically different benzenes. me evidence comes from appearances in Raman 
and infra-red spectra due to the perturbing effects of cohesive forces, and some from bands representing 
vibrational changes accompanying the electronic transition reponsible for absorption and fluorescence spectra 
in the ultra-violet. Assignments are suggested for all the higher harmonic frequencies which have been observed 
in the relevant Raman and infra-red spectra, the analysis of which is thus completed. 


(A) Methods. 


STARTING from the experimental material presented in the preceding papers, we seek in this paper to com- 
plete, as far as is possible at the present time, the identification of the inactive fundamental frequencies of 
benzene and hexadeuterobenzene, according to the plan announced in Part I (J., 1936, 912; cf. Part XI, 
this vol., p. 222). 

Of the 20 fundamental frequencies, representing 30 vibrational degrees of freedom, of benzene or hexa- 
deuterobenzene, 11 frequencies, corresponding to 19 vibrational degrees of freedom, are active either in the 
Raman or in the infra-red spectrum. These were all identified in Part VIII (J., 1936, 971). The 9 inactive 
frequencies, which correspond to 11 vibrational degrees of freedom, are divided amongst five symmetry classes 
as follows (cf. Fig. 1 of Part XI, this vol., p. 231) : 


Class. Vibration. 
A gg (planar, with 6-fold symmetry) 4 
carbon bending). 
By, (planar, with 3-fold symmetry) { By (hydrogen stretching). 
Bog (out-of-plane, with 3-fold symmetry) { Br ny (carbon bending). 


(hydrogen 
hing). 


(carbon stretchi 
Buy, (planar, with 3-fold symmetry) { Bra (avdvonen bending). 


Each symmetry class provides a more or less distinct problem, the main clue to which is to be found 
amongst the Raman and infra-red spectra of partly deuterated benzenes. In principle these spectra deter- 
mine the product of the frequencies in each inactive symmetry class of benzene or of hexadeuterobenzene; 
and this they do because they contain active frequencies, which can be assigned with certainty on the internal 
evidence of the spectra, and can then be related by means of the Teller—-Redlich product theorem to the 
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inactive frequency products of benzene or of hexadeuterobenzene. For the determination of each inactive 
product there is usually one spectrum of a partly deuterated benzene, or a very small number of such spectra, 
which provides the essential key, by reason of the certainty of the assignment of its active frequencies, and 
the simplicity of their relation to the inactive frequency product : other spectra of partly deuterated benzenes 
must, of course, be shown to be capable of being interpreted consistently. The key spectrum, for the deter- 
mination of the A,, frequency of benzene or hexadeuterobenzene is the Raman spectrum of 1 : 4-dideutero- 
benzene; for the B,,, frequency product, it is the Raman spectrum of 1 : 3 : 5-trideuterobenzene, for the B,, 
product it is the infra-red spectrum of the last-named substance. For the E,* product, the Raman 

of 1:3: 5-trideuterobenzene and the infra-red spectra of 1: 4-di- and 1: 2: 4: 5-tetra-deuterobenzene are 
all of importance. Only in the case of the B,, symmetry class, the clue, which ought to be apparent in the 
infra-red spectra of 1: 4-di- and 1: 2:4: 5-tetra-deuterobenzene, is not unambiguous, and therefore more 
complicated, and rather less certain, methods of argument have to be applied. 

In the case of the A,, symmetry class the frequency product is a single frequency. Owing to the an- 
harmonicity of molecular vibrations, frequency products, as given by the Teller—-Redlich theorem, are liable 
to an error of the order of 1%, even when all the observed frequencies used in applying the theorem are much 
more accurately known. However, a first estimate, correct only to about 1%, of the A,, frequency of benzene 
or hexadeuterobenzene will permit an identification of those observed combination tones which involve a 
change in the quantum number of this vibration; and then, a study of their frequencies will enable the 
fundamental A,, frequency to be estimated more accurately. In the case of each of the symmetry classes 
which contains two vibrations, we require, besides the frequency product, at least one independent datum 
relating to the frequencies in order to be able to fix each frequency individually. The main source of such 
additional data consists in the combination tones which have been observed in the Raman and infra-red 
spectra of benzene and hexadeuterobenzene. To a limited extent the observed combination tones in partly 
deuterated benzenes assist the problem. Naturally any available data beyond the necessary minimum can 
be used to improve the accuracy with which the frequencies are estimated An interpretation of the active 
combination tones of benzene and hexadeuterobenzene was attempted in Part VIII, but it could not be com- 
pleted in the absence at that time (1936) of a knowledge of the key spectra amongst the partly deuterated 
benzenes. On this occasion we try to make our interpretation complete. 

There are two other sources of data concerning inactive frequencies, but they are of more limited value. 
One is concerned with the band structure of electronic spectra. The ultra-violet fluorescence spectra of 
benzene and hexadeuterobenzene contain in combination bands a number of vibration frequencies of the 
electronic ground state. Some of these occur in combination with frequencies, which cannot be independently 
determined, belonging to the electronic excited state; these particular bands do not provide independent 
evidence concerning ground state frequencies. Other bands lead to recognised ground state frequencies 
which are already known because they are amongst those found in the Raman or the infra-red spectrum. 
The most useful contribution which the electronic spectra make on the subject of the inactive ground state 
frequencies relates to the carbon vibration of the E,* symmetry class. Not only is the frequency itself 
accurately determined for benzene and for hexadeuterobenzene, but also an argument is provided which 
conclusively identifies the symmetry class to which these frequencies belong. 

The remaining source of information about inactive frequencies depends on the deforming action of mole- 
cules on one another in the liquid state, with consequent loss of symmetry, enabling frequencies, which the 
selection rules for an isolated molecule would forbid in a particular type of spectrum, to appear weakly in 
the spectrum of the liquid. In Part VII (J., 1936, 966) we showed that certain Raman frequencies of benzene 
appear weakly in the infra-red spectrum of the liquid, and that likewise some infra-red frequencies feebly appear 
in the Raman spectrum of liquid benzene—in both cases contrary to the selection rules for the gaseous benzene 
molecule. In the same way, frequencies which the selection rules for the gaseous molecule would exclude 
from both Raman and infra-red spectra might appear weakly in one or other spectrum of the liquid. Pitzer 
and Scott have recently made a hypothetical assignment of some weakly appearing frequencies of liquid 
benzene to inactive vibrations (J. Amer. Chem. Soc., 1943, 65, 803). A number of their inferences are 
undoubtedly correct, but, as they recognise, arguments are involved which are not in themselves conclusive. 
The main use of frequencies which appear through the breaking of selection rules is that they sometimes 
lend support to already reached conclusions. The difficulty about employing them as an original basis for 
the determination of theoretically inactive frequencies is that, with no selection rules, not only are all fund- 
amental frequencies allowed, but so also are all the very numerous higher harmonics, some of which may 
well appear more strongly in the spectra than do some of the fundamental fréquencies, just as so often happens 


when the loss of symmetry accompanying partial deuterium substitution causes a relaxation of selection 
tules. 


(B) The Ay, E,*, By, and B,, Fundamental Frequencies of Benzene and Hexadeuterobenzene. 


In this section we apply the above methods in a discussion of the frequencies of various inactive vibrations 
of benzene and hexadeuterobenzene. Owing to an already mentioned difficulty, we are not able in this simple 
way unambiguously to determine the frequencies of one vibration, viz., the carbon stretching vibration of B,,, 
symmetry. Therefore, at first we omit this symmetry class. In Section C we proceed to an assignment of 
observed higher harmonic frequencies, and a discussion of relationships between them. With some assistance 
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from this study we turn in Section D to the omitted fundamental frequencies of the B,, symmetry class; 
and we deal at the same time with the assignment of frequencies to the By,like carbon vibrations of partly 
deuterated benzenes, the one assignment problem which was left incomplete in Parts XVII, XIX, and XX. 

(1) The A,, Fundamental Vibration of Benzene.—The frequencies of this vibration have been calculated 
from an assumed potential function on several occasions : rather widely differing values have been suggested. 
Kohlrausch derived for benzene and hexadeuterobenzene the frequencies 1258 and 1058 cm. respectively 
(Z. physikal. Chem., 1935, 30, B, 305), Lord and Andrews the frequencies 1190 and 930 cm. (J. Physical 
Chem., 1937, 41, 145), and Penney and Duchesne 1307 and 1017 cm.+ respectively (Bull. Soc. roy. Sci. Liége, 
1939, 11, 514). In Part VIII we gave 1240 and 940 cm. for these two frequencies. Langseth and Lord 
derived the frequencies 1195 and 930 cm. from an application of the product theorem to observed Raman 
frequencies of 1: 4-di- and 1:2: 4: 5-tetra-deuterobenzene (Kgl. Danske Vidensk. Selsk., 1938, 16, 6); but 
the assignments they employed are now known to be incorrect (Part XVIII, this vol., p. 272). Pitzer and 
Scott suggested the value 1298 cm. for benzene (loc. cit.), this being one of the weaker frequencies observed 
by Bailey, Hale, Ingold, and Thompson in the infra-red spectrum of liquid benzene (Part IV, J., 1936, 931). 

The important spectrum for the determination of this frequency is the Raman spectrum of 1 : 4-dideutero- 
benzene in which the five By frequencies are easily located: none can have any alternative assignment. 
These frequencies are collectively related to the four E,* frequencies and the Ay, frequency of benzene. 
Employing the product theorem with our usual arbitrary allowance for anharmonicity (Part XI, loc. cit.), we 
set up the equation 


_ X 605°6 x 1596 x 3046-8 x 1178-0 
4-CgH,D,) 600-9 1569-3 x 3042 x 9085 x 13090 


and thus calculate for the A,, frequency the value 1331 cm.*. 

There are two observed combination tones of benzene which cannot be satisfactorily explained otherwise 
than with the aid of the A,, fundamental frequency. One is the Raman frequency 2925 cm.-, the intensity 
of which (Part III, J., 1936, 925) shows it to be an allowed combination; the other is the rather prominent 
infra-red frequency 2356 cm. observed with liquid benzene (Part IV, loc. cit.). Their interpretations indicate 
the values 1329 and 1319 cm.“ for the A,, frequency : 


= 1-353 (assumed; harmonic value = 1-367), 


C,H,, Raman, 2925 1329 (E£, 1596 = 2925 cm.-1. 
C,H,, Infra-red, 2356 ......... Ag) 1319 + E,-) 1037 = 2356 cm."t, 


The only alternative to the first explanation involves an assumed B,, carbon frequency of 1750 cm.-, and 
the only real alternative to the second requires the same vibration to have the frequency 1435 cm. We 
believe that it has neither frequency (Section D, 2), and, since in any case it cannot have both, an A,, frequency 
in the neighbourhood 1319—1329 cm. is independently established. It is true that the frequency 2356 cmt 
agrees numerically with that of a first overtone of the E,* fundamental frequency 1178 cm; but all first 
overtones are forbidden in the infra-red spectrum of benzene, and we have not observed any first overtone 
in the infra-red spectrum of either liquid benzene or liquid hexadeuterobenzene, or, for that matter, in those 
infra-red spectra of partly deuterated benzenes for which first overtones are allowed by the selection rules. 

The Raman spectrum of liquid benzene contains a weak line of frequency 1326 cm., which has no good 
explanation as a higher harmonic frequency: this may be the A,, fundamental frequency, appearing despite 
the selection rules. We adopt 1326 cm., the average of our various estimates, as the best value of this 
frequency. 

(2) The Ay, Fundamental Vibration of Hexadeuterobenzene—The Raman spectrum of 1: 2: 4: 5-tetra- 
deuterobenzene is not a safe guide to the A,, frequency of hexadeuterobenzene, because of the overlapping 
of a relevant line by a much stronger Raman 1 line, and the difficulty of distinguishing the former from heavy- 
carbon satellites of the latter. On the other hand, we can use the determined value of the A,, frequency in 
bénzene to calculate directly the frequency of the same vibration in hexadeuterobenzene. From the equation 


TIA 99(C,D,) = 1326/ILA,.(C,D,) = 1-283 (assumed; harmonic value = 1-286), 


we calculate 1034 cm. for the hexadeuterobenzene frequency. 

There are two observed combination tones of hexadeuterobenzene which necessarily involve the A 
fundamental frequency. One appears in the Raman spectrum at 2575 cm. according to Wood (J. Chem. 
Physics, 1935, 8, 444), 2571 cm. according to Angus, Ingold, and Leckie (Part III, Joc. cit.), and 2567 cm. 
according to Poole (Part XV, Table I, this vol., p. 252). The other is an infra-red frequency, measured by 
Bailey, Hale, Ingold, and Thompson (Part IV, loc. cit.) as 1860 cm. using hexadeuterobenzene vapour, 
and as 1866 cm. using liquid hexadeuterobenzene. Both these combination tones have the characteristics 
of allowed higher harmonics, and may be explained as follows : 


C,D,, Raman, 2571 cm. .......... 1020 + 1551-5 = 2571 cm.+, 
Infra-red, 1863 cm" ....... A 1050 + (ES 813 = 1863 


The only alternative to the first Ea necessitates that the B,, carbon vibration should have the 
frequency 1750 cm.-, and the only alternative to the second requires the same vibration to have the frequency 
1290 cm.. We believe that neither condition is satisfied (Section D, 3), and, since both cannot be fulfilled, 
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the existence of an A,, frequency in the region 1020—1050 cm. is independently established. We shall 
point out later (Section C, 3) that similarly constituted combination tones show a marked tendency to recur 
in the spectra of different benzenes, and it is therefore a favourable feature of the explanations given that 
the Ay, vibration is required to combine with just the same fundamental vibrations in hexadeuterobenzene 
as in benzene, viz., the E,* carbon stretching vibration and the E,~ hydrogen bending vibration. 

An A,, frequency in the neighbourhood of the calculated value would interpret the frequencies of both 
harmonics to within the deviations which might arise from anharmonicity. Choosing a weighted mean to 
equalise the percentage deviations, we adopt 1037 cm. as the best value for the A,, frequency of hexa- 
deuterobenzene. 

This value together with known frequencies may be compared with the B,, frequencies of 1: 2:4: 5- 
tetradeuterobenzene. The product ratio is as follows : 


585-8 x 1564-0 x 2272 x 1255-3 x 954 _ 
Ey? (CeDe) 1037 x 877-4 15615 22649 X 8673 (harmonic value = 1-372) 


For the A,, class itself, we have 
TIA [TIA = 1326/1037 = 1-279 (harmonic value = 1-286). 


(3) The E,* Fundamental Vibrations of Benzene.—The presence in the Raman spectrum of liquid benzene 
of a weak, diffuse line of frequency 405+5 cm. has been reported by several investigators (Weiler gives 
406 cm.", Mesnage 409-7 cm., Krishnamurti 407 cm., Wood and Collins 400 cm.“, and Grassmann and 
Weiler 404 cm.-'—for references see Part III). This line does not represent any of the allowed fundamental 
frequencies, and it cannot be explained as an allowed combination tone. Lord and Andrews assigned it to 
the E,* carbon vibration, which they assumed to be appearing, contrary to the selection rules, on account of 
intramolecular forces (J. Physical Chem., 1937, 41, 149). They regarded this assignment as somewhat 
arbitrary, mainly because it would also have been plausible to assign the frequency to the B,, carbon vibration. 
However, the correctness of Lord and Andrews’s choice was proved when it was shown that the corresponding 
vibration of 1: 3 : 5-trideuterobenzene, which is allowed in the Raman effect, has the frequency 375 cm.+ 
(Ingold et al., Nature, 1937, 189, 880); and that, indeed,’ for all the partly deuterated benzenes yet examined, 
this vibration has frequencies in the range 350—400 cm. (Ingold, Z. Elektrochem., 1938, 44, 20; Proc. Roy. 
Soc., 1938, 169, 149; and these papers). 

Another estimate of the frequency, as well as an independent proof of the nature of the vibration, emerges 
from an analysis of the near-ultra-violet electronic bands of benzene. Using the absorption spectrum, Sponer, 
Nordheim, Sklar, and Teller obtained the value 400 cm. for this frequency (J. Chem. Physics, 1939, 7, 207) ; 
from the fluorescence spectrum we obtain 404 cm.-, a value believed to be good to +2 cm. (details will be 
published later). The positions in the absorption and fluorescence band-systems of those bands which involve 
this frequency prove the vibration to be degenerate; and, since all the degenerate vibrations of benzene, 
except those of the E,;* class, are active in the Raman or infra-red spectrum, and are therefore known, the 
vibration in question must be an E,* vibration. 

A very weak line, of frequency 802 cm.-, in the Raman spectrum of benzene has been reported by Grass- 
mann and Weiler. This line, if real, can hardly be explained otherwise than as a first overtone of the E,* 
carbon vibration. 

Concerning the E,* hydrogen vibration of benzene, calculations based on an assumed potential system 
have given values ranging from 890 to 1160 cm. (Part VIII; Lord and Andrews; Penney and Duchesne). 
Langseth and Lord deduced 845 cm. from the product rule, but used an incorrect assignment of frequencies 
in the Raman spectrum of 1: 3: 5-trideuterobenzene. More recently, Ziegler and Andrews (J. Amer. Chem. 
Soc., 1942, 64, 2482) found difficulty in accounting for their thermodynamic data on the basis of Langseth 
and Lord’s proposed frequencies, and acutely inferred that this one might be too low; and, shortly after, 
Pitzer and Scott (loc. cit.) suggested that it should be taken as 985 cm.-', the approximate frequency of a 
shoulder observed by Bailey, Hale, Ingold, and Thompson (Part IV) on the side of a strong infra-red band of 
liquid benzene; but they admitted that the shoulder might alternatively represent the (also forbidden). 4 ,, 
frequency, 991-6 cm.-, as we had originally supposed (Part VIII). Actually there is a third way of account- 
ing for that shoulder, as we shall point out in Section B, 7. 

In the infra-red spectrum either of benzene vapour or of liquid benzene we find a band of considerable 
intensity, which cannot be explained except as a combination tone involving the E,* hydrogen vibration : 


C,H,, Infra-red, 1808, 1810 cM. (Ey*) 961 + (E,-) 848-9 = 1810 


The second of the participating fundamental vibrations is known from the Raman spectrum. Each of the 
interacting vibrations has the characteristic that, in one of the normal co-ordinates by which it can be repre- 
sented, the atoms on the y-axis do not move. These normal vibrations must therefore recur, with the same 
frequencies, in monodeuterobenzene and 1 : 4-dideuterobenzene. We have measured the E,~ vibration in 
the Raman of monodeuterobenzene at 850 cm.-, and in the Raman spectrum of 1 : 4-dideutero- 
benzene at 849-5cm., The E,* vibration is, of course, inactive in mono- and 1 : 4-di-deuterobenzene. How- 
ever, the combination of the two fundamental frequencies should be active in the infra-red spectra of these 
molecules, and should appear with about the frequency and intensity with which it occurs in the infra-red 
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spectrum of benzene. Bands of about the same intensity, and with but slightly changed frequencies, do in 
fact appear in the infra-red spectra of mono- and 1: 4-di-deuterobenzene vapour. In each case there is no 
alternative explanation to that now offered : 


C.H,D, Infra-red, 1821 (Eyt) 971 + (E,~) 850 = 1821 cm. 
1: 4-C,H,D,, Infra-red, 1811 cm? (Ey*) 962 + (E,-) 849°5 = 1811 cm. 


This evidence would indicate a mean value of 965 cm. for the E,* hydrogen frequency of benzene. 

Confirming these indications, we have two independent values for the E,* frequency product. One derives 
from the infra-red spectrum of 1: 4-dideuterobenzene, the three B,, frequencies in which are collectively 
related to the infra-red A,, frequency and the E,,* frequencies of benzene. From the equation 


{1B,,(1:4-C,H,D,) ~ 367 x B97 x 876 1-382 (assumed; harmonic value = 1-396), 


we find ITE,*(C,H,) = 395-3 x 10®cm.-*. The second estimate is based on the Raman spectrum of 1: 3: 5- 
trideuterobenzene, the three E”’ frequencies in which are collectively related to the E, Raman frequency and 
the E,,* frequencies of benzene. The equation used is 


and from it we find ILE,*(C,H,) = 394-8 x 10® cm.. 

Taking all the data together, we choose 405 cm.-1 and 970 cm. as the best values of the two E,* vibrations 
of benzene. All the measurements are then within their probable limits of error. The frequency product 
becomes 393 x cm.-. 

(4) The E,;* Fundamental Vibrations of Hexadeuterobenzene.—Starting from the E,;*carbon frequency 405 
cm. of benzene, the corresponding frequency of hexadeuterobenzene has been calculated as 314 cm. and as 
305 cm. with the aid of an assumed potential system (Lord and Andrews; Penney and Duchesne). After 
the corresponding frequency of 1: 3: 5-trideuterobenzene had been located at 375 cm. (1937), it seemed 
more probable that the hexadeuterobenzene frequency lay in the region of 350 cm.-', as Langseth and Lord, 
and Pitzer and Scott subsequently assumed. 

A careful search has now been made for a low weak frequency in the Raman spectrum of liquid hexa- 
deuterobenzene, corresponding to the weak frequency 405 cm. in the Raman spectrum of liquid benzene. 
It has been found at, 350 cm. (Part XV, Table I, this vol., p. 252). The line is very weak and difficult to 
measure with precision, but undoubtedly real. 

This frequency has also been found by analysis of the fluorescence spectrum of hexadeuterobenzene. The 
measured value is 349 cm. (details will be published later), The positions in the band system of the bands 
involving this frequency show that the vibration is degenerate, and is therefore an E,* vibration, all other 
degenerate vibrations being already known. 

The same frequency enters into several Raman and infra-red combination tones : 


844-5 (Ey*) 348 + (Aq,,) 496°5 = 844-5 
1161 (Ect) 348 + (E,-) 813 = 1161 cm. 

C,Dg, Infra-red, 926, 925 cm? 349 + +) 577-4 = 926 cm}. 
» 1009, 1012 (Ent) 350 + 661-7 = 1012 cm. 
1212, 1218, (Egt) 361 + 867-3 = 1218 cm-. 


The first of each pair of observed infra-red frequencies relates to the vapour and the second to the liquid, 
whilst the Raman frequencies relate as usual to the liquid. These combination tones also suggest an E,* 
frequency of about 349—350 cm., but four of the five combination frequencies are too weak to be accurately 
measured, and the only one of the five which is known to within + 1 cm. is the Raman frequency of 844-5 cm.1. 
This line, however, probably derives some of its considerable strength by resonance with the fundamental 
line at 867-3 cm., and its frequency is therefore expected to have been displaced in a downward direction : 
hence the only conclusion to be drawn from the measurement is that 348 cm.— is likely to be slightly too low 
an estimate of the E,* carbon frequency. 

Prior estimates of the frequency of the E,* hydrogen vibration range widely, though two of the suggested 
values are close to the mark. In Part VIII we calculated 780 cm by a method so crude that one would 
not have expected it to give an accurate answer; and Pitzer and Scott (loc. cit.) assigned to the vibration 
a reported Raman frequency 790 cm.-, which, however, it has not been possible to confirm (Part XV, loc. cit.). 
Ziegler and Andrews helped to locate the true value by pointing out that Langseth and Lord’s estimate of 
690 cm. was almost certainly too low (locc. cit.). Values as high as 1007 cm.-' and 1070 cm. have been 
calculated by Penney and Duchesne and by Lord and Andrews respectively (locc. cit.). 

In the infra-red spectrum of hexadeuterobenzene, either as vapour or as liquid, a band of considerable 
strength appears which cannot be interpreted except as a combination involving the E,* hydrogen frequency : 


C,D,, Infra-red, 1450, 1454 cm? 792 + 661-7 = 1454 cm. 
This is obviously the combination band which corresponds to the 1808—1i810 cm. band of benzene; and 
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just as the latter band reappears in the infra-red spectrum of mono- and 1 : 4-di-deuterobenzene, so the hexa- 
deuterobenzene band at 1450—1454 cm. ought to reproduce itself in the infra-red spectra of penta- and 
1: 2:4: 5-tetra-deuterobenzene. The infra-red spectrum of pentadeuterobenzene has not yet been observed ; 
and unfortunately the expected combination band of 1: 2: 4: 5-tetradeuterobenzene would be obscured by 
the strong fundamental band centred at 1439 cm.. 
The Raman spectrum of hexadeuterobenzene contains a moderately weak line at 1578 cm.+, which would 
be difficult to explain except as a first overtone. Anticipating conclusions reached later to the effect that 
the B,, and B,, hydrogen fundamental frequencies lie too high to be used in explanation, we regard the line 
as an overtone of the E,,* hydrogen vibration : 


C,.D,, Raman, 1578 2 X 789 = 1578 cm... 


It should be remarked that this is not an entirely independent piece of evidence, since the location of the 
B,, hydrogen frequency, and its consequent exclusion from any part in the interpretation of the Raman line, 
depends on the correct choice of the E,* hydrogen frequency, and therefore on the rest of the evidence 
considered in this Section. 

Two independent estimates of the E,;* frequency product are available, one based on the infra-red spectrum 
of 1: 2: 4: 5-tetradeuterobenzene, and the other on the Raman spectrum of 1 : 3: 5-trideuterobenzene. From 
the equations (cf. Part XVI, Table I, this vol., p. 255) 


TIB,,(1:2:4:5-C,H,D,) 383 x 548 x 925 2 
Tl Ag, (CoD) 206-5 1-382 (assumed; harmonic value = 1-396) 


we find ITE,*(C,D,) = 282-9 x 10° cm.*; whilst the equation 
TLE”(1: 3: 5-CsH,D,) _ 372-7 x 710-2 x 947 
gives the result ITE,*(C,D,) = 282-1 x 10* cm-. 
In consideration of all the data, we select 352 cm. and 793 cm. as the best values of the two E,* vibra- 


tions of hexadéuterobenzene. All the measured frequencies then fall within their probable limits of error. 
The frequency product is 279 x 10®cm.*. The product ratio 


TLE,* (C,H,)/T1E,*(C,D,) = 405 x 970/352 x 793 = 1-408 (harmonic value = 1-414) 


= 1-343 (assumed ;- harmonic value = 1-351) 


is satisfactory. 

(5) The B,,, Fundamental Vibrations of Benzene.—The frequencies of these two vibrations of benzene have 
several times been calculated from an assumed potential system. Kohlrausch first correctly located the B,, 
carbon bending frequency of benzene in the neighbourhood of 1000 cm.*; Lord and Andrews calculated 
the value 1008 cm.-1, and Penney and Duchesne 1007 cm.+ (Jocc. cit.). The calculation of the B,,, hydrogen 
stretching frequency is, of course, not critical: it is bound to lie close to the totally symmetrical hydrogen 
stretching frequency 3062 cm... 

The B,,, frequency product for benzene is immediately obtainable from the Raman spectrum of 1 : 3: 5- 
trideuterobenzene, as was first pointed out in our preliminary account of this work (Nature, 1937, 189, 880) ; 
for the four A,’ frequencies of this substance are collectively related to the A ,, and B,,, frequencies of benzene, 
and the A,, frequencies are known. From the equation 

TIA wy, By(CoHe) _ 991-6 x 3061-9 
3: 5-C,H,D,) 9562 x 1003-6 x 2281-9 x 3052-7 
we find IIB,,(C,H,) = 3082 x 10% cm. 

As stated above, the hydrogen frequency is bound to be close to 3062 cm.-, and this is confirmed because 
it enters of necessity into the following combination tones : 

Raman, 3467 cm. (Byy) 3062 + (E,*) 405 = 3467 

C,H,, Infra-red, 3655 cm? (Byy) 3049 + (E,*) 605-6 = 3655 
Since this former measurement is probably somewhat more accurate, we take a weighted mean, 3060 cm.-»’ 
as the value of the B,,, hydrogen frequency. 

Combining this value with the frequency product, we obtain 1008 cm. for the B,,, carbon frequency. 
The latter is necessarily involved in the interpretation of the following combination tone : 


C,H,, Infra-red, 1617, 1616 cm (Byy) 1011 + (Eg*) 605-6 = 1617 cm. 


The two values are for vapour and liquid. In consideration of this evidence, we adopt 1010 cm. as the best 
value of the B,, carbon frequency. The B,, product for benzene then becomes 3091 x 10* cm.*. 
(6) The B,,, Fundamental Vibrations of Hexadeuterobenzene.—Kohlrausch, Lord and Andrews, and Penney 
and Duchesne have calculated the values 948, 960, and 956 cm.- respectively for the B,,, carbon frequency. 
The B,,, frequency product is obtainable from the Raman frequencies of 1 : 3 : 5-trideuterobenzene: the 
equation e 


_ 956-2 x 1003-6 x 2281-9 x 3052-7_ 
Biu(CeD¢) = “943-2 x 22926 1-400 (assumed; harmonic value ) 


leads to TIB,,(C,D,) = 2208 x cm.~. 


= 1-400 (assumed; harmonic value = 1-414) 
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There are no known combination tones which can be used to fix the value of the B,, hydrogen frequency 
with the assurance that alternative interpretations are impossible. However, the frequency must lie close 
to the totally symmetrical hydrogen stretching frequency 2293 cm.-, and, as with benzene, we adopt a slightly 
lower value, viz., 2290 cm.--. This provides good explanations of two infra-red combinaton tones (although 
in each case a possible, but less satisfactory, alternative explanation exists) : 


C,Dg, Infra-red, 2903 2290 + (E,*) 605-6 = 2896 cm.-. 
Infra-red, 4545 (Buy) 2200 + 2264-9 = 4555 cm. 


From this value, and the frequency product, we obtain 964 cm. as the B,,, carbon frequency of hexa- 
deuterobenzene. Furthermore, from the equation 


IIB 1u(CgH,)/TLA ig(CoHe) /TLA ig(CeD 6)» 


which follows from the equality of the A, and B,, theoretical product ratios, we can, as a close approximation, 
cancel all the hydrogen frequencies. Inserting the A,, carbon frequencies in this simplified equation, along 
with the already determined B,, carbon frequency for benzene, we find 961 cm.- for the B,,, carbon frequency 
of hexadeuterobenzene. On the available evidence we adopt 963 cm. as the most probable value. The 
B,,, frequency product then becomes 2205 x 10°cm.-*, The product ratio with benzene is satisfactory : 


IIB yy(CgH,)/I1Byy(CgD,) = 1010 x 3060/963 x 2290 = 1-401 (harmonic value = 1-414). 


(7) The B,, Fundamental Vibrations of Benzene.—The B,, carbon frequency of benzene has been estimated 
as 538 cm.-! in Lord and Andrews’s calculations, and as 547 cm. in those of Penney and Duchesne, whilst 
for the B,, hydrogen frequency the values obtained by these investigators were 1520 cm. and 1516 cmt 
respectively (/occ. cit.). In Part VIII we calculated 1000 cm.- as the probable region of the B,, hydrogen 
frequency. By assuming that observed B,,-like carbon frequencies of 1 : 4-di- and 1: 2: 4 : 5-tetra-deutero- 


Langseth and Lord deduced 648 cm.-t for the B,, carbon frequency of benzene, and thence, by the product 
rule, 1048 cm.- for the B,, hydrogen frequency; however, the assumed linear relation is not supported by 
our work, and one of the observed frequencies could not be confirmed. Pitzer and Scott came nearer 
the mark by supposing the B,, carbon frequency to be given by a very weak, but perhaps doubtful, Raman 
frequency 685 cm.-'; the product formula then gave 1016 cm. for the B,, hydrogen frequency (locc. cit.). 

The By, frequency product can be determined by reference either to the infra-red spectrum of 1: 3: 5- 
trideuterobenzene or to the Raman spectrum of 1: 4-dideuterobenzene. The former source is the more self- 
contained since the three A,” fundamental bands of 1: 3: 5-trideuterobenzene, whose frequencies are 
employed, are immediately recognised by their parallel structure, and this knowledge is used in order to settle 
‘the assignment of the three B,, Raman lines of 1 : 4-dideuterobenzene, the frequencies of which are used in 
the alternative method. 

The A,” frequencies of 1 : 3 : 5-trideuterobenzene are related to the infra-red A,, frequency of benzene, 
and to the B,, frequency product of benzene. From the equation 


TIA gy, Bag(CgH,) 671 x IIB 
114,11: 3: 5-C,H,D,) 533 x 691 x 915 1-373 (assumed; harmonic value = 1-387), 


we derive IIB,,(C,H,) = 689-6 x 10° cm.*. The By, frequencies of 1: 4-dideuterobenzene are connected 
with the Raman E,~ frequency of benzene, and with the B,, product. The equation 


leads to IIB,,(C,H,) = 699-6 x 10® cm.*. We adopt the mean value 694-6 x 10° cm. for this product. 
The B,, hydrogen frequency is easily located by means of an infra-red band, of rather less than moderate 
intensity, which has been observed with both gaseous and liquid benzene, and can have no satisfactory 
explanation other than the following : 


C,H,, Infra-red, 1377, 1381 cm. (Bgg)976 + (Ey*) 405 = 1381 cm, 


Confirmation follows from consideration of a more prominent combination band, the strongest but one 
in the spectrum, which we explain as follows : 


C,H,, Infra-red, 1965, 1963 (Bog) 995 (E,*) 970 = 1965 cm,"}, 


For this band there is a possible alternative explanation requiring a lower value of the B,, frequency, viz., 
(Bag) 955 + (B,,)1010 = 1965 cm.-!; but we think the interpretation first given to be much the more probable, 
because only if it is adopted do certain infra-red combination bands of mono-, 1 : 4-di-, 1: 2: 4: 5-tetra- and 
hexa-deuterobenzene—combination bands which are also amongst the strongest in their respective spectra— 
receive a corresponding explanatid&. The correspondences will be considered in Section C, 3, where they will 
be shown to exemplify the rule that prominent combination frequencies (discounting such as derive theif 
intensity by Fermi resonance) in a spectrum of a more symmetrical benzene almost always have counterparts 
in spectra of less symmetrical benzenes. 
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The mean B,, hydrogen frequency derived from these combination tones, 984 cm.-!, is almost exactly the 
frequency of the shoulder at 985 cm.-' in the infra-red spectrum of liquid benzene. It is certain that this 
shoulder represents a forbidden fundamental frequency, and it is obviously more satisfactory to identify it 


with the B,, hydrogen frequency, than to assign it, as we did in Part VIII, as the A,, carbon frequency, 


which lies 7 cm.-! higher, or, as Pitzer and Scott have more recently done (Joc. cit.), as the E,* hydrogen 
frequency, which we have found to lie 15 cm." lower. In consideration of all this evidence we adopt the 
directly observed value 985 cm.-' as that of the B,, hydrogen fundamental frequency. 
From this value and the B,, frequency product deduced above, it can be calculated that the B,, carbon 
frequency is 705cm.-'. This is likely to be correct to within a few wave-numbers. : 
Confirmation follows from the well-established existence of a weak, but not very weak, Raman line which, 
if we accept a conclusion reached later, can only have the following explanation : 


C,H,, Raman, 2294 cm," (Bog) 698 + (E,*) 1596 = 2294 


The line is not regarded as a first overtone of the B,,, hydrogen fundamental frequency, because in Section D, 1 
we ascribe too high a value to this frequency.* 
Further confirmation arises from the consideration of a stronger Raman line, which we explain as follows : 


C,H,g, Raman, 1404 SES 2 x (Bag) 702 = 1404 


There exists a possible alternative explanation on the following lines: (B,,)1010 + (E,*)405 = 1415 cm; 
but the overtone explanation is in our opinion to be preferred, because analogous overtones appear, with 
the same order of intensity, in the Raman spectra of all the partly deuterated benzenes we have examined; 
and overtones tend to appear in sets (Section C, 3). No correlation with observed higher harmonic frequencies 
of partly deuterated benzenes would be possible if we should seek to explain the benzene line as a B,, + E,* 
combination. 

We adopt a weighted mean of our three values for the B,, carbon frequency, viz., 703 cm.*. The By 
frequency product then becomes 692-5 x 

(8) The By, Fundamental Frequencies of Hexadeuterobenzene.—Lord and Andrews calculated 395 cm.-, 
and Penney and Duchesne 403 cm.-', for the B,, carbon frequency; as a result of extrapolating from observed 
1: 4-di- and 1: 2:4: 5-tetra-deuterobenzene frequencies, Langseth and Lord suggested 575 cm.-1. For the 
B,, hydrogen frequencies, Lord and Andrews, and Penney and Duchesne obtained 1480 cm. and 1460 cm.+ 
respectively, whilst in Part VIII we estimated 920 cm.-1; Langseth and Lord’s estimate was 856 cm.-. 

The B,, frequency product may be obtained either from the infra-red spectrum of 1 : 3: 5-trideutero- 
benzene or the Raman spectrum of 1: 2: 4: 5-tetradeuterobenzene. From the equation (cf. Part XVI, Table I, 
this vol., p. 255) 


:3:5-C,H;D,) _ 533 x 691 x 
su» Bag(CeD,) 496-5 X 1-374 (assumed; harmonic value = 1-388) 


we find ITB,,(C,D,) = 494-0 x 10° cm.-*, whilst the equation 


_ 615-1 x 767-1 x 929-7 
TIE, 661-7 X 


gives = 501-9 x 10? cm.-*. We adopt the mean, 497-9 x 10° 


The B,, hydrogen frequency is given by a prominent infra-red combination band, which is observed both 
with gaseous and liquid hexadeuterobenzene, and has only one reasonable explanation : 


C,D,, Infra-red, 1616, 1619 eee (Beg) 826 (E,,*) 793 = 1619 


This band clearly corresponds to the benzene band at 1965—1963 cm.-, and, like the latter, is the strongest 
combination band but one in its spectrum. 

These results suffice to determine the B,, carbon frequency, but an independent clue to its value is prob- 
ably to be found in another infra-red combination band. This is also observed with both gaseous and liquid 
hexadeuterobenzene, and its preferred interpretation is as follows : 


Infra-red, 1385, 1393 cm. (Bag) 600 + (Ey*+) 793 = 1393 


There is a possible alternative explanation, namely, (B,,)825 + (E,*)577-4 = 1402 cm., but we favour the 
interpretation first given, because bands which could, and in at least one case must, receive an analogous 
interpretation can then be traced in the infra-red spectra of all the other benzenes we have examined; and 
this is not true for the alternative explanation. ; 

‘Having regard to this evidence, we take 601 cm. and 827 cm. as the most probable values of the B,, 
carbon and B,, hydrogen frequencies of hexadeuterobenzene. The product becomes 497-0 x 10* cm.-, 
The product ratio with benzene is satisfactory : 


TIB,,(C.H,) /TIB,,(C.D,) = 703 x 985/601 x 827 =-1-393 (harmonic value = 1-414). 
* The Raman line appears to be much too strong to be attributed to the minute deuterium content of ordinary 


= 1-321 (assumed; harmonic value = 1-329) 
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(C) The Active Higher Harmonic Frequencies of Benzene and Hexadeuterobenzene. 


Having at this stage determined 18 fundamental vibration frequencies of benzene and of hexadeutero- 
benzene, we are able to make a nearly complete assignment of the active higher harmonic frequencies of 
these compounds; and this we now do, because the results provide evidence, concerning the activity of higher 
harmonics in general, which is relevant to our discussion of the last two fundamental frequencies. Several 
of the higher harmonics involve these fundamental frequencies: logically they should be omitted from the 
tables of this Section, and separately considered at the end of the paper. But actually we include them in 
the tables in order to shorten discussion, anticipating for the purpose the results of our consideration of the 
outstanding fundamental frequencies. 


TABLE I. 


Raman Frequencies of Benzene. 
Frequency ‘Symmetry of 
(cm.*). Intensity. Assignment. Symmetry. components. 
405 w Forbidden fundamental (405) E,* _ 
605-6 ms Fundamental E,* —_ 
677—692 w Forbidden fundamentals (671, 703) Bay 
781 * ww Forbidden 1178-0 — 405 = 773 Aww Aw Eyt  Egt, Ey* 
804 ww 2 x 405 = 810 Aw Ext 
824 ww 1485 — 671 = 814 E i. Aww 
848-9 m Fundamental 
979 w 1584-8 — 605-6 = 979-2 Aig E,*, 
984 w A wlike 
991-6 s Fundamental Ay _ 
999 w 1606-4 — 605°6 = 1000-8 Aig Eg* E,*, Ey* 
1005 w BCBCH, By like 
1030 w Forbidden fundamental (1037) Ey — 
1178-0 ms Fundamental E,* —_ 
1285 * ww Forbidden 605-6 + 671 = 1277 y+ E,*, Am 
1326 ww Forbidden fundamental (1326) 2g —_ 
2 x 703 = 1406 A By, B 
1404 mw { (405 + 1010 = 1415) Bo, 
405 + 1037 = 1442 E,*, 
605-6 + 848-9 = 1454-5 E;*, Eg 
1478 ww Forbidden fundamental (1485) E- a 
1584-8 in resonance with E+ E.+.A4 
1606-4 ms 605-6 + 991-6 = 1597-2 Ay 
1693 ww 2 x 848-9 = 1697-8 Arg, 
848-9 + 985 = 1833-9 E, Bee 
) 848-9 + 991-6 = 1840-5 E,- Ay, E 
1988 { 605-6 + 1326 = 1931-6 Aggy 
2 x 970 = 1940 Aig 
970 + 1010 = 
we 2 x 991-6 = 1983-2 Ang 
2 X 1010 = 2020 Aw ~ a 
2030 ww 848-9 + 1178-0 = 2026-9 E Ey, Ey* 
1010 + 1037 = 2047 E+ Bay, Ean 
2128 ww 1037 + 1110 = 2147 E- Eu. Bay 
2294 w 703 + 1596 = 2299 = Bay, Eg" 
2358 w 2 x 1178-0 = 2356-0 Eg", Eyt 
848-9 + 1596 = 2444-9 E, Eg* 
970 + 1485 = 2455 E- E.*. EB, 
2543 w 1037 + 1485 = 2522 Arg, Egt a+ 
2618 m 970 + 1648 = 2618 
2688 1037 + 1648 = 2685 
(3080 — 405 = 2675) E- 
2925 w 1326 + 1596 = 2922 Egt 
2948 m 2 x 1485 = 2970 Aig 
3046-8 ms Fundamental 
9 s Pentomentel Ay — 
m 584-8 = 3180-8 Ap Eg* a 
3186 {1596 +{ 1696-4 — 3202-4 Aig Ey* 
3467 * ww 405 + 3060 = 3465 E, E,y*, By 
3680 * ww 605-6 + 3061-9 = 3667-5 Eyt Ey. Ay 


* Listed only by Grassmann and Weiler and placed in their lowest intensity class (index 0). 


(1) Assignment of the Raman and Infra-red Frequencies of Benzene.—In Table I we record all the Raman 
frequencies of benzene which have been claimed as authentic (for references see Part III). The list is a long 
one, mainly on account of the elaborate investigation which Grassmann and Weiler have made of the weaker 
frequencies. There are some 14 of these which have not yet been observed by anyone else, and in the Table 
we grade all these as very weak (ww). Grassmann and Weiler subdivide them amongst their three lowest 
classes of intensity (with indices 1, 1/2, 0), and therefore we specifically indicate the unconfirmed frequencies 
of their lowest intensity class, since it is impossible not to regard these with some slight reserve. Our judg- 
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ment, nevertheless, is that very few, if any, unreal frequencies have found their way into Grassmann and 
Weiler’s list. 

The frequency given as 677—692 cm. was observed as 677 cm. by Wood and Collins, 687 cm.* by 
Krishnamurti, and 692 cm! by Grassmann and Weiler. The spread of these numbers is greater than is 
usual, and it is difficult to decide whether two weak frequencies lie in this region, or only one. 

The table contains our assignments. All except a few of the recorded frequencies are explicable either 
as fundamentals, or allowed first overtones, or allowed binary summation tones, or forbidden fundamental 
frequencies; the remainder, which are amongst the very weakest, can be interpreted as allowed difference 
tones or forbidden combinations. F 

The term “‘ forbidden,” as used here, requires some explanation. As a matter of convenience it is made 
to cover not only those vibrations which are perturbed and rendered active by intermolecular forces, but also 
those allowed vibrations of %C,!*CH, which are similar to theoretically forbidden vibrations of C,H,. The 
nomenclature reflects the fact that it is often difficult to distinguish the perturbing effect of a *C atom from 
the effect due to cohesion. On this basis, we might have assigned the line of frequency 1005 cm. simply 
as the “ forbidden ” B,, fundamental (accepted frequency 1010 cm). In this case, however, there is no 


TaBte II. 


Infra-red Frequencies of Benzene. 
Frequency (cm.*). 


Symmetry of 
Vapour. Liquid. iitensity. Assignment. components. 
_ 610 ww Forbidden fundamental (605-6) 
671 671 s Fundamental 
779 773 ww 1178-0 — 405 = 773 
849 mw Forbidden fundamental (848-9) 
12C,43CH, 
Forbidden fundamental (985) 
Fundamental 
Error? 
Forbidden fundamental (1178-0) 
405 + 848-9 = 1254 
Forbidden 605-6 + 703 = 1309 
405 + 985 = 1390 
Fundamental 
671 + 848-9 = 1520 
fundamental doublet 
(1584-8, 1606-4) 
605-6 + 1010 = 1616 
671 + 991-6 = 1663 
703 + 970 = 1673 
848-9 + 970 = 1819 
970 + 985 = 1955 
1037 + 1178-0 = 2215 
1110 + 1178 = 2288 
1037 + 1326 = 2363 
1037 + 1596 = 2633 
Error? 
Fundamental in resonance 
with 1485 + 1596 = 3081 
605-6 + 3060 = 3666 
605-6 + 3080 = 3686 
(a + 3046-8 = 4057 
991-6 + 3080 = 4072 


985 
1033 
1170 
1298 
1381 


1480 
1529 


3700 
4060 
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doubt as to the cause of the appearance: Langseth and Lord have made it clear that it is the *C atom (/. 
Chem. Physics., 1938, 6, 203). In the assignment column of the table we give, in parenthesis,.the accepted 
values of the ‘‘ forbidden ”’ fundamental frequencies to which certain of the weak lines are assigned. These 
frequencies are either active in the infra-red spectrum (A,,, E,-), and are derived from Part IV (loc. cit.), or 
they are inactive (E,*, B,,, A,,), and are deduced in this paper. 

The frequencies 979 and 999 cm.-!, which, though weak, are not extremely weak, are not difference tones, 
despite the appearance of the entries in the assignment column. Langseth and Lord explained this situation 
also (loc. cit.) : the two lines jointly represent the A,, carbon fundamental frequency of the 5% of molecules 
which at room temperature are already thermally excited with one quantum of the vibration of frequency 
605-6 cm.*; the subsequent photo-excitation produces lines which are separate from the main Ay, carbon 
line at 991-6 cm.-, because of the resonance splitting of the upper vibrational level. 

The infra-red frequencies which were recorded in Part IV (loc. cit.) are assembled in Table II, which also 
contains pur assignment. Measurements made with benzene vapour can theoretically reveal, as weak bands, 
certain frequencies of the heavy-carbon molecule *%C,°CH,, which would not have been active but for the 
presence of the *C atom. We actually assign one weak band of the vapour spectrum in this way. Such 
bands might also appear in the spectrum of the liquid; but here cohesive forces constitute a more fruitful 
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Taste III. ( 
Raman Frequencies of Hexadeuterobenzene. — 
Frequency Symmetry of stro 
en. Intensity. Assignment. Symmetry. components. freq 
350 ww Forbidden fundamental (352) E,* _ wel 
577-4 ms Fundamental E,* _— 
661-7 ms Fundamental — see . 
8445 352 -+ 496-5 = 848-5 Ey*, Aes 
867-3 ms Fundamental allo 
943-2 s Fundamental fun 
999 mw 2 x 496-5 = 993 Ay p a 
1161 ww 352 + 813 = 1165 E, E,*, Ey” 
2 x 661-7 = 1323-4 Aig revi 
— Forbidden fundamental (1333) Ey — frec 
1522 pe + 943-2 = 1520°6 E,* E;*, Aw bh 
ened 661-7 + 867-3 = 1529-0 + a? phy 
1551-5 ms Fundamental ma‘ 
1578 mw 2 x 793 = 1586 Aw E,* E,*, E,* p. | 
1923 {352 + 1571 = 1923 E E,*, Bey the 
w (2 x 963 = 1926) Ax Bw Bry 
2129 mw 577-4 + 1551-5 = 2129-0 Ay, E,* E,*, E,* 
2139 mw 813 + 1333 = 2146 Aw. Ey* Er, B- be 
2264-9 ms Fundamental E; frec 
2292-6 s Fundamental A as | 
2571 w 1037 + 1551 = 2588 E, Aw E,* 
3104 2 x 1551-56 = 3003 A, E,*, Ey* 
source of observable frequencies which would be forbidden by the selection rules for ordinary gaseous benzene. “n 
It was shown in Part VII (loc. cit.) that a number of bands of this nature can immediately be recognised am 
in the spectrum of liquid benzene. 
As noted in Table II, we doubt the existence, or the accuracy, of some of the weakest of the recorded 
frequencies. The others can all be plausibly explained either as allowed fundamental frequencies, or allowed 
binary combinations, or as forbidden fundamentals, or forbidden combinations. Apart from the heavy- 
carbon frequency, all forbidden frequencies are found only in the spectrum of the liquid. The accepted 
values of forbidden fundamental frequencies, as obtained from the Raman spectrum (Part III, loc. cit.), or 
indirect deduction (this paper), are noted in parenthesis. 
TABLE IV. 
Infra-red Frequencies of Hexadeuterobenzene. ‘id 
Frequency (cm.-*). fur 
¢ ~ — Symmetry of 
Vapour. Liquid. Intensity. Assignment. Symmetry. components. th 
496-5 s Fundamental Aw 4S 
_ 581 ww Forbidden fundamental (577-4) th 
662 w Forbidden fundamental (661-7) E- , 
154 ww 1333 — 577-4 = 756 E- E,t 
813 811 s Fundamental Ey” } 
826 * ww Fe 
864 ww Forbidden fundamental (867-3) E;* 
926 925 w 352 + 577-4 = 929 y E,*, E;* at 
— 943 * ww Forbidden fundamental (943-2) Ay _— 
979 * ww 13C 18CD,? 
1009 1012 ww 352 + 661-7 = 1014 Es” E,*, E~ in 
1154 1159 mw 496-5 + 661-7 = 1158-2 ES~ Aw, E, 
1212 1218 ww 352 + 867-3 = 1219 Agu E,*, Eyt 
+ = Es” » 
1386 1393 ww {677-4 + 825 = 1402) E- Bs 
1450 1454 m 661-7 + 793 = 1455 E.- "Eat of 
_— 1552 w Forbidden fundamental (1551-5) E,* — x 
1616 1619 m 793 + 827 = 1620 E- Ey", Buy “ 
1630 * — ww 2204 — 661-7 = 1632 he 
825 + 867°3 = 169 Ba, E,* 
1002 1690 w {(g13 867-3 = 1683) E.. tt 
1860 1866 w 813 + 1037 = 1850 E.- i, deg a 
2294 2283 s Fundamental — 
1333 + 1551-5 = 2884 
2008 ww — 2801 By 
_— 3292 w Forbidden 1037 +- 2264-9 = 3302 E,* Ay, E re 
3559 w 1383 2264-9 = 3598 Bt 
64:9 + = 4555 Ey E,;*, B 
4525 {2964-9 + 2204 — 4559 Ee Ey, Ex 
* The authenticity or accuracy of these values as C,D, frequencies is regarded as questionable (see text). b 
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(2) Assignment of the Raman and Infra-red Frequencies of Hexadeuterobenzene.—Those Raman frequencies 
of hexadeuterobenzene which are confirmed by Poole’s re-examination of the spectrum (Part XV, Table I, 
this vol., p. 252) are collected in Table III. Neglecting previous values, we accept Poole’s data for all the 
stronger frequencies as they are definitely more accurate than earlier figures. However, in measuring weak 
frequencies, a high resolving power is not an unmixed advantage, and therefore, where it seemed desirable, 
we have accorded weight to previous work, particularly that of Wood, in arriving at mean values (for references 
see Part XV). 

Our assignments, which are also given in the table, are in terms of allowed fundamentals, first overtones, 
allowed binary summation tones and forbidden fundamental frequencies. One clear case of a forbidden 
fundamental arises in the low-frequency line at 350 cm.-. 

Table IV contains all the observed infra-red frequencies of hexadeuterobenzene, accepting the recent 
revision (Part XVI, this vol., p. 255) of the long-wave region of the spectrum. A few of the weakest 
frequencies must be regarded with reserve, especially as it follows from the most recent determinations of 
physico-chemical constants that the sample of hexadeuterobenzene employed in the investigations quoted 
may have contained somewhat more pentadeuterobenzene than was formerly supposed (Part XII, this vol., 
p. 235): we do not yet know the infra-red spectrum of pentadeuterobenzene. Attention is directed in 
the table to the frequencies of two small “‘ nicks ” in the contours of the vapour bands, and to two secondary 
maxima in a composite band-group of the liquid, as being at present suspect, even though assignments can 
be suggested. The remaining frequencies can all be plausibly assigned either as allowed fundamental 
frequencies, or binary combination tones, or, in the case of bands appearing only in the spectrum of the liquid, . 
as forbidden fundamentals or combination tones. 

(3) Comparisons of the Stronger Higher Harmonic Frequencies of Various Benzenes.—The strongest higher 
harmonic frequencies which are found in our Raman spectra come into the intensity class which we call 


“moderate ’’ (m). Table V contains a list of such frequencies, taken from tables in Parts XV, XVII, XVIII, 
and XX, and this paper : 


TABLE V. 
Outstanding Higher Harmonic Raman Frequenciés. 


C.Hg. C,H,D. C,H,D,. C,H;D3. C,H,D,. 
2618 *2310-6 2582-7 *2238-3 *1543 
*2948 2589-8 *2935-4 *2973-3 *1550 
*3164 *2998 *3153°4 *3144:5 
*3186 *3164°6 *3170-7 


All the frequencies marked with an asterisk lie within 4% of a Raman-active fundamental frequency, 
and in every such case the symmetry class of the combination tone is the same as that of the neighbouring 
fundamental. The high proportion of such lines amongst the relatively strong higher-harmonic lines shows 
the common cause of their considerable intensity to be resonance of the type first recognised by Fermi. It 
is noteworthy also that all but 2 of the 16 frequencies marked with an asterisk lie 2% or further away from 
the fundamental frequency from which they gain their spectral intensity. This is clearly due to another 
well-known effect of the resonance, viz., that, when the combination tone would theoretically lie too close to 
the fundamental frequency, the resonance separates the two, mainly by displacing the weaker frequency. 
For instance, the thtoretical position of a monodeuterobenzene combination tone is 3024 cm.-, which is only 
1% away from the fundamental frequency 3054-8 cm.; and the combination tone is accordingly observed 
at 2998 cm.-1, which is 2% away from the fundamental frequency. 


The only Raman frequencies of the list in Table V whose relatively great intensity cannot be explained 
in this way are these : 


C,H,, 2618 cm.*; C,H,D, 2589-8 cm.1; 1: 4-C,H,D,, 2582-7 cm.*. 


They are evidently in a very special position amongst Raman combination tones. A microphotometer record 
of the first is reproduced in Fig 1. Microphotometer records of the second and third are shown in Parts 
XX and XVIII respectively (this vol., pp. 315, 287). Their singularity would suggest the possibility of a 
common explanation, even if no other circumstances pointed in this direction, and we shall later base con- 
clusions on this idea. Supporting arguments can, however, be given. It seems unlikely to be by chance 
that all three lie in the same spectral region, with frequencies which diminish with successively introduced 
deuterium atoms. It seems significant that the only possible common explanation involves the E,* hydrogen 
frequency, 970 cm.-1, which is common to, and restricted to, the three benzenes involved. A common explan- 
ation would seem natural in view of the general rule that the strongest combination tones of the various infra- 
red spectra can be correlated in sets, each with a common form of explanation—provided, of course, we dis- 
count effects on intensity due to Fermi resonance, and allow for the appearance of extra combinations when 
there is a loss of molecular symmetry. 

This general rule we propose now to illustrate. The frequencies (cm.-') of the strongest infra-red com- 
bination tones are collected together in. Table VI. The only omitted combination frequencies which are 
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more intense than the weakest of those included (disregarding the figures in brackets) are frequencies which 
are obviously deriving much of their intensity by resonance with fundamentals, and one frequency, 1384 cm.-!, 
belonging to the least symmetrical molecule, monodeuterobenzene. The correlations are indicated by tie- 
lines and braces. In order to make the scheme more complete, two predicted, unobserved frequencies are 
included in square brackets: each occurs in such a position in its spectrum that it would be overlapped by 
a strong fundamental frequency. For the same reason we have included in parenthesis some expected com- 
binations, which are actually observed, but come into a somewhat lower intensity class than that of most 
of the frequencies in the table. 


Fie. 1. 


| 
Av 2618 from 4046-564 


Microphotometer record of part of the Raman spectrum of benzene. The region depicted runs from 2380 cm. to 2740 cm. 
on the Stokes side of Hg 4046-56 a. In order to avoid inconvenient over ing, the Raman spectrum excited by 
Hg 4358-34 a. has been eliminated by means of an iodine filter. The single line showing is the prominent combination 
tone 2618 cm... The exposure was comparatively short, as is proved by the fact that the combination frequencies 2454 
and 2543 cm. (as well as the weaker 2688 cm.) have completely failed to register. 


The strongest combination band in the infra-red spectrum of benzene is that at 1808 cm.-', and it is con- 
stituted exactly as is the strongest hexadeuterobenzene combination band at 1450 cm.-, one of the strongest 
combination bands of 1 : 4-dideuterobenzene and one of the strongest of monodeuterobenzene. The common 
explanation for the bands of benzene and mono- and 1 : 4-di-deuterobenzene is that represented by the sum- 
mation 849 + 970 = 1819 cm, both fundamental frequencies being the same for the three compounds; 
the common figures for 1 : 2: 4: 5-tetra-, penta-, and hexa-deuterobenzene would be 662 + 793 = 1455 cm... 
In 1: 3: 5-trideuterobenzene both the fundamental vibrations become mixed and radically altered. 


TABLE VI. 


Outstanding Higher Harmonic Infra-red Frequencies, excluding those in Resonance with 
Active Fundamental Frequencies. 


Parent Dea Forms. C,H,D. C,H,D,. C,H;D3. C,H,D,. 
"beasi 1697 1603 (1687) ------ } 
TE 1821 1811 [1450] 1450 
By (1669) (1670) 1603 1632 1404 ---------- (1385) 
E,*®, 1965-------- 1896, 1952 1923 1616 
1916 1835 1840 


The degenerate benzene frequency (E,;*) 970 cm.+, has one component which becomes altered to 922 and 
876 cm. in mono- and 1 : 4-di-deuterobenzene respectively, essentially because the vibration becomes mixed 
with the benzene A,, vibration. These modified E,;* frequencies combine, just as the unmodified frequency 
does, with the E,~ frequency, 849 cm.-, to give the comparably strong bands at 1768 and 1724 cm. in the 
spectra of mono- and 1 : 4-di-deuterobenzene. We might alternatively describe these bands as derived from 
the hypothetical benzene combination 1520 cm.-t, from (A,,) 671 and (E,~) 849 cm., by supposing the 4», 
vibration to be modified through admixture with the E,,* vibration. In hexadeuterobenzene the A,,-E, 
combination, the theoretical frequency of which is 496 + 662 = 1158 cm., is not overlapped as in benzene, 
but appears at 1154 cm. as the strongest combination band but two in the infra-red spectrum. This band 
can be regarded as parent of the strong combination band at 1233 cm. in the infra-red spectrum of 1 : 3: 5- 
trideuterobenzene, and also as parent, jointly with the band at 1450 cm., of the strong combination band at 
1206 cm.+ in the spectrum of 1 : 2 : 4 : 5-tetradeuterobenzene. 

Analogously to the E,,* fundamental frequency, the degenerate E,~ frequency of benzene, 849 cm.*, has a 
component which in the partly deuterated benzenes becomes modified (to 778, 736, and 767 cm. in mono-, 
1: 4-di- and 1:2: 4: 5-tetra-deuterobenzene respectively), due in this case to the mixing of a certain pro- 


[19: 
port 
quer 
7 
iden 
stro! 
expl 
benz 
7 
benz 
at 1 
corr 
benz 
alte: 
tetr: 
970 
cm, 
{ 
{ 
163 
184 
rong 
or | 
in 1 
illu 
effe 
oe 
a ove 
wit 
ove 
ber 
det 
Ra 
2 
th 
ar 
fur 
or 
to 
1: 


[1946] Structure of Benzene. Part XXI. 329 


portion of B,,-character into the vibrations. By combination of the modified E,* and E,~ fundamental fre- 
quencies, the infra-red combination bands at 1697, 1603, and 1687 cm. in mono-, 1: 4-di-, and 1:2: 4: 5- 
tetra-deuterobenzene respectively may be derived. 

The strongest but one of the non-resonating combination frequencies of benzene, 1965 cm., has been 
identified as the summation tone of the E,,* frequency, 970 cm.-', with the B,, hydrogen frequency; and the 
strongest combination tone but one in the hexadeuterobenzene spectrum, 1616 cm.-', has an exactly similar 
explanation. The E,* frequency of benzene, 970 cm, remains unaltered in mono- and 1 : 4-di-deutero- 
benzene, but the benzene B,, hydrogen frequency, 985 cm.-t, becomes changed by admixture to the two 
frequencies 922 and 985 cm." of monodeuterobenzene, and to the frequency 967 cm. of 1 : 4-dideutero- 
benzene. Combination between the E,* frequency 970 cm. and the altered frequencies explains the bands 
at 1896 and 1952 cm. in the monodeuterobenzene infra-red spectrum, and the band at 1923 cm. in the 
corresponding spectrum of 1: 4-dideuterobenzene. Similarly the E,* frequency, 793 cm., of hexadeutero- 
benzene remains preserved in 1: 2: 4: 5-tetradeuterobenzene, while the B,, frequency, 827 cm.-*, becomes 
altered to 767 cm.-, thus producing the combination band at 1556 cm.- in the infra-red spectrum of 1 : 2: 4: 5- 
tetradeuterobenzene. 

A further series of bands, some of them rather weak, arises by combination between the E,;* frequencies, 
970 cm. in benzene and mono- and 1 : 4-di-deuterobenzene, 947 cm. in 1 : 3 : 5-trideuterobenzene, and 793 
cm. in 1: 2:4: 5-tetra- and hexa-deuterobenzene, and the B,, carbon frequencies or their nearest relations 


TaBLe VII, 
Related First Overtones in Raman Spectra. 


671 608 | 597 533 548 —* 497 
1196 1069 1098 —_* 999 || 
Fundamental 703 698 634 691 615 612 § 601 
1396 1267 1392 1232 1225 § — 
CRAM.) 849 778 736 767 709 § 662 
* Infra-red not yet investigated. t Inactive. t Would be overlapped. 


§ A general account of the Raman spectrum of this substance will be published later. 
|| In this case the intensity could be due to Fermi resonance. 


amongst the fundamentals of the partly deuterated benzenes. The strongest of these bands appears at 
1632 cm. in the spectrum of 1:3: 5-trideuterobenzene: generally speaking, they diminish in intensity 
towards the ends of the series. Other relationships can be traced. The strong frequencies 1916, 1835, and 
1840 cm. of 1: 4-di-, 1:3: 5-tri-, and 1:2: 4: 5-tetra-deuterobenzene can each be represented as a com- 
bination between a B,,-like planar carbon bending vibration, and a planar deuterium bending vibration more 
or less closely related to that in the ES class of hexadeuterobenzene vibrations. The moderately prominent 
bands at 2288 cm.“ in the infra-red spectrum of benzene, and at 1692 cm.- in the spectrum of hexadeutero- 
benzene, are combinations of planar hydrogen bending vibrations: they almost certainly correspond to each 
other, and, as closely as the difference of molecular symmetry permits, to the prominent band at 1750 cm. 
in the spectrum of 1 : 3 : 5-trideuterobenzene. 

The correlation of higher harmonic frequencies amongst the spectra of the different benzenes may be 
illustrated also with respect to overtones. For all benzenes all first overtones are allowed in the Raman 
effect. Considering what a small proportion of the allowed overtones are actually visible in our Raman 
spectra, the extent to which those which are visible fall into sets is quite remarkable. Leaving out of account 
overtones between about 2950 and 3150 cm. and a few others, which doubtless gain intensity by resonance 
with Raman fundamental frequencies, the three sets of Table VII comprise very nearly all the observed 
overtones. The fundamental frequencies corresponding to the first set of overtones are A,,-like, and for all 
benzenes are given by the lowest very strong infra-red frequency; the fundamentals of the second set are 
B,,like carbon vibration frequencies, and they are either Raman-active or infra-red-active in the partly 
deuterated benzenes; the fundamentals of the third set are all E,--like, and for all benzenes are active in the 
Raman spectrum. 


(D) Tentative Completion of the Assignment of the Fundamental Frequencies of Benzene, Hexadeuterobenzene, 
and the Partly Deuterated Benzenes : Some B,,, and B,,-like Frequencies. 

(1) Preliminary Consideration of Possible Active B,,-like Carbon Frequencies.—The B,, carbon stretching 
frequencies of benzene and hexadeuterobenzene should not differ by more than a few units per cent., and 
the most nearly allied frequencies of the partly deuterated benzenes are likely to have more or less regularly 
arranged intermediate values, with the possible exception of any which would in that case fall close to another 
fundamental frequency of the same symmetry class. For the B,, carbon frequency of benzene, normal co- 
ordinate calculations have yielded values ranging from 1489 cm. to 1854 cm... Active frequencies allied 
to the By, carbon frequencies of Dg, benzenes might be expected in the infra-red spectrum of mono-, 1 : 4-di-, 
1:2: 4: 5-tetra- and penta-deuterobenzene, and also in the Raman spectrum of mono- and penta-deutero- 
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benzene. According to preconceptions derived from the calculations mentioned, they might reasonably 
be sought anywhere in the region 1400—1900 cm... 

The two B,, and three E,~ vibrations of Dg benzenes combine to form a single symmetry class, labelled 
By,, in the V;, benzenes. For 1 : 4-dideuterobenzene, and likewise for 1 : 2: 4 : 5-tetradeuterobenzene, four of 
the five frequencies of this symmetry class have been identified by reference to infra-red spectra. In each 
case the missing frequency was that of the vibration similar to the B,,, carbon stretching vibration of benzene : 
no further band could, however, be found in the relevant frequency region of the infra-red spectrum of either 
1: 4-di- or 1: 2:4: 5-tetra-deuterobenzene, which could not be explained as an allowed combination tone; 
but unfortunately the possibilities of accidental coincidence with an allowed combination tone are rather 
numerous in the frequency region which is of importance in this connexion. 

The harmonic value of the product ratio IIB,,,(1 : 4-C,H,D,)/I1B,,(1 : 2: 4: 5-C,H,D,) is 1-396. The ratio 
_ of the products of the four known B,,, frequencies of each compound is 1-392. It follows that the missing carbon 
stretching frequencies cannot lie far apart, and, indeed, are unlikely to differ by much more than 1%. 

In mono- and penta-deuterobenzene the missing frequency is one of the ten belonging to the B, class. 
The corresponding symmetry classes of 1: 4-di- and 1: 2:4: 5-tetra-deuterobenzene are B,, and B 
The harmonic value of the product ratio IIB,(C,H,D)/IIB,,B,,(1:4-C,H,D,) is 1-382. The ratio of the 
product of the nine known frequencies which belong to the numerator, to the product of the nine which belong 
to the denominator, of this fraction is 1-333. This figure, which depends on eighteen measured frequencies, 
may not be very accurate, but it would seem that the B,,-like carbon stretching frequency of monodeutero- 
benzene may lie from 1% to 4% above that of 1 : 4-dideuterobenzene, the smaller order of difference being 
more probable on general grounds. 

Although we have studied three infra-red spectra in which this frequency is allowed to appear, it may 
have escaped observation in any or all of them. If it has been observed in all three spectra, the following 
possible sets of frequencies (cm.-) are available for assignment (Table VIII). 


Taste VIII. 
Possible Assignments of B,,-like Carbon Frequencies. 
(1). (2). (3). (4). 


1384 1624 1768 1952 
1: 4-C,H,D 1603 1711 1923 


TOS 1585 1687 1931 


No further possibilities present themselves if we assume that the required frequency has been observed 
in only two of the three spectra, Furthermore, we have found no frequencies in the Raman spectra of mono- 
or penta-deuterobenzene which suggest themselves for inclusion in the survey, unless it be that the weak 
frequency 1617 cm. in the Raman spectrum of monodeuterobenzene is to be identified with the infra-red 
frequency 1624 cm. : this is not impossible because the Raman line is heavily overlapped, and the infra-red 
band has an unsymmetrical appearance as though it were composite. 

Assignments (1) and (4) involve frequencies which are rather outside the anticipated range. The fre- 
quencies of assignments (2) and (3) fall well within it, and of these alternatives (2) is slightly to be preferred 
as giving the better product ratio, IIB,,(1 : 4-C,H,D,)/IIB,,(1 : 2: 4: 5-C,H,D,) = 1-407 (the harmonic value 
is 1-396). A further (and considerably stronger) indication in favour of assignment (2) is mentioned in the 
next section. 

(2) The B,,, Fundamental Vibrations of Benzene.—For the frequency of the carbon vibration, Kohlrausch, 
and Lord and Andrews, calculated 1854 cm., and Penney and Duchesne 1489 cm.-, whilst in Part VIII 
we gave 1720 cm. Pitzer and Scott suggested identifying the frequency with that of the wedk Raman 
line at 1693 cm.-1, which they suppose to appear in violation of the selection rules, whereas we think, for reasons 
given in Section C, 3, that this line is much more likely to represent the first overtone of the Raman-active 
fundamental frequency, 849 cm.. For the hydrogen frequency Kohlrausch calculated 1094 cm., Lord and 
Andrews 1145 cm, and Penney and Duchesne 1111 cm. Pitzer and Scott proposed 1170 cm.-, the 
frequency of an infra-red band of liquid benzene, which, however, as we suggested (Part VII), and as they 
agree, might reasonably be associated with the known E,* frequency in that neighbourhood. 

The strongest higher harmonic line in the Raman spectrum of benzene (if we exclude those few which can, 
and doubtless do, borrow intensity from neighbouring fundamental lines) has the frequency 2618 cm; it 
cannot be explained except as a combination tone involving a B,, fundamental frequency. There are two 
possible explanations: one assumes a B,, carbon frequency of 1648 cm.-, and the other a B,, hydrogen 
frequency of 1133 

We have already pointed out (Section C, 3) that the outstanding combination frequency 2618 cm.+ of 
benzene is very probably related to the combination frequency 2589-8 cm.-' of monodeuterobenzene, and 
the frequency 2582-7 cm.- of 1 : 4-dideuterobenzene, which are similarly outstanding in their Raman spectra. 
We prefer the explanation of the benzene line which involves the B,, carbon frequency, essentially because 
it alone can be extended to cover the similar lines of mono- and 1 : 4-di-deuterobenzene : 


C,H,, Raman, 2618 cm.+ a 1648 + (E,*) 970 = 2618 cm. 


C,H,D, Raman, 2589°8 B,) 1620 + (A,) 970 = 2590 
1: 4-C,H,D,, Raman, 2582-7 cm.+ 1613 + (A,) 970 = 2583 
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There are two notable points about this suggested correlation. One is that it agrees with that assign- 
ment of active B,,-like carbon frequencies of mono- and 1: 4-di- and 1: 2: 4: 5-tetra-deuterobenzene which 
had seemed most self-consistent amongst the possibilities presented by the infra-red spectra of the partly 
deuterated benzenes (assignment No. 2, Table VIII). The other is that by requiring the By,like frequency to 
combine in each case with the E,* frequency, 970 cm., which remains exactly the same in benzene and in 
mono- and 1: 4-di-deuterobenzene, but becomes changed in all other benzenes, it helps us to understand why 
the correlation does not extend beyond the three compounds in which we find it. The choice of 1648 cm. 
as the B,,, carbon frequency of benzene also provides a good explanation of a weak Raman frequency, 2688 
cm.+, which otherwise can only be interpreted as a difference tone (Table I, p. 324). 

The alternative explanation of the benzene frequency 2618 cm., namely, (B,,)1133 + (E,-)1485 = 
2618 cm.-?, cannot be extended to cover the similar frequency of monodeuterobenzene (for 1076 + 1480= 
2556 cm. is obviously unacceptable), although it could be applied to the corresponding 1 : 4-dideuterobenzene 
frequency (1106 + 1469 = 2575 cm). 

The strongest combination band but two in the infra-red spectrum of benzene vapour has the frequency 
2288 cm.-, and cannot be explained otherwise than as a combination band involving a B,, fundamental 
frequency. It requires either a B,, hydrogen frequency of 1110 cm.-, or a B,, carbon frequency of 1682 cm.-. 
Our choice, on the evidence already presented, of the B,, carbon frequency of benzene, and of the B,,-like 
carbon frequencies of the partly deuterated benzenes, entails the adoption of the first of these alternatives : 


CoH,, infra-red, 2288 cM. (Bay) 1110 + (E,*) 1178 = 2288 


A B,, hydrogen frequency of 1110 cm. provides an interpretation of a very weak and diffuse Raman line, of 
reported frequency 2128 cm.-, which would otherwise be difficult to explain (Table I, p. “ 
The product rule may be employed to check these values : 


TIB (CoH) 1648 x 1110 x 1037 x 1485 x 3080_ 
{IB,.(1 : 4C,H,D,) ~ 1603 x 1106 x 814 x 1413 x 3079 ~ 1°38? (harmonic value = 1-396). 


(3) The B,, Fundamental Vibrations of Hexadeuterobenzene.—Calculations based on an assumed force 
system have given values for the B,, carbon frequency ranging from 1427 cm. (Penney and Duchesne) to 
1844 cm. (Kohlrausch; Lord and Andrews); we gave 1636 cm. in Part VIII. On the other hand very 
consistent values have been obtained by calculation for the B,, hydrogen frequency: Kohlrausch found 
838 cm.-1, Lord and Andrews 816 cm.-1, and Penney and Duchesne 821 cm.-', whilst we obtained 820 cm. 

In the Raman spectrum of hexadeuterobenzene a higher harmonic of medium intensity occurs at 1923 cm.-'. 
This could be the first overtone of the B,, carbon frequency 963 cm.-', But, as pointed out in Section C, 3, 
observed first overtones generally correspond in different Raman spectra; and, although for all the benzenes 
which we have examined the B,,, carbon fundamental frequency is accurately known, we have never observed 
an undoubted appearance of its first overtone. The overtone hypothesis thus appears somewhat improbable, 


and the only other explanation of the frequency is that which requires a B,, carbon fundamental frequency of 
1571 : 


C,D,, Raman, 1923 


(Bay) 1571 + (E,*) 352 = 1923 cm 


The infra-red spectrum of hexadeuterobenzene vapour contains a moderately prominent combination band 
at 1692 cm.-t. It could, perhaps, be interpreted as a summation of E,~ and E,* hydrogen bending frequencies : 
813 + 867 = 1680 cm... But we think that this is probably not the correct explanation, because no such 
combination band, to be explained by the summation 1037 + 1178 = 2215 cm., appears in the infra-red 
spectrum of benzene vapour, or in the corresponding spectra of mono- or 1 : 4-di-deuterobenzene, in which 
the component fundamental frequencies are almost the same as in benzene. In none of these spectra should 
there be any difficulty about observing the frequency if it were present. Comparisons with other spectra 
are vitiated by ambiguous interpretations. The alternative view of the hexadeuterobenzene band at 1692 cm.+ 
is that it is a combination of B,, and E,* hydrogen bending frequencies. It would then correspond exactly 
to the already discussed benzene band at 2288 cm.-!, which is of comparable intensity; and both would corre- 

spond, as nearly as the symmetry change allows, to the prominent combination band at 1750 cm. in the 
infra-red spectrum of 1 : 3: 5-trideuterobenzene. In mono- and 1 : 4-di-deuterobenzene the analogous bands 
would be obscured by strong fundamental bands; in 1: 2: 4: 5-tetradeuterobenzene a band appears in the 
expected position, but can be interpreted in more than one way. However, the evidence that the hexa- 
deuterobenzene combination band, measured at 1692 cm. in the vapour spectrum and at 1690 cm in the 
spectrum of the liquid substance, involves a B,, hydrogen fundamental frequency seems to us quite strong : 


Infra-red, 1692, 1690 (Bu) 825 + (E,*) 867 = 1692 


The inferred B,, frequency, 825 cm.-1, is in good agreement with calculated values. 
These assignments may be checked by reference to the product theorem : 


TIByy(1 : 2:4: 5-CoH,D,) _ 1585 x 1057 x 812 x 1439 x 2280 _ 
ua (Ce = F571 x 825 X 813 X 1333 X 2294 1-385 (harmonic value = 1+396). 
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Finally the B,,, assignments for benzene and hexadeuterobenzene may be checked against each other : 
TIByy(CoH,)/TBoy(CeD,) = 1648 x 1110/1571 x 825 = 1-412 (harmonic value = 1-414). 


(4) The A,’ Fundamental Vibrations of 1: 3 : 5-Tvideuterobenzene.—This symmetry class contains the only 
inactive frequencies of any partly deuterated benzene which are not individually identical with the deter- 
mined E,* frequencies of benzene or hexadeuterobenzene. The class contains three frequencies, two of which, 
920 and 1230 cm.-', were determined in Part XVII (this vol., p. 255), whilst one was left undetermined. The 
three vibrations are collectively related to the single Ay vibration, and the pair of B,,, vibrations, of either 
benzene or hexadeuterobenzene; and the A,’ vibration to which no frequency has as yet been assigned is 
related in particular to the B,, carbon vibration of benzene and hexadeuterobenzene. If our suggestions 
are correct concerning the frequencies of these carbon vibrations, and of the active B,,-like carbon vibrations 
of the partly deuterated benzenes, the A,’ carbon frequency of 1 : 3 : 5-trideuterobenzene must obviously lie 
close to 1600 cm.*. This conclusion may be made more definite by reference to the product rule, using the 


TaBLe IX. . 
Fundamental Frequencies of Benzene, 1: 3: 5-Trideuterobenzene and Hexadeuterobenzene. 


Symmetry. 1:3: 5-C,H,D3. 
Further 
Den. description. 
A C-stretching 


R 
H-stretching 


{ C-bending 
H-stretching 
H-bending 
{ C-stretching 
H-bending 

Out-of-plane 
{ Out-of-plane 


Out-of-plane 


H-stretching 
C-stretching 


H-bending 


C-deformation 


H-bending 
H-stretching 
Out-of-plane 


Forbidden 
Forbidden 
Forbidden 
Forbidden 
Forbidden 
I-r 

Forbidden 


R 
R 
R 
I-r 
I-r 
I-r 


R 
Forbidden 


R 
Forbidden 
Forbidden 


Forbidden 
Forbidden 
Forbidden 
Forbidden 
Forbidden 
I-r 

Forbidden 


I-r 

I-r 

R 
Forbidden 


{ Out-of-plane 
Out-of-plane Forbidden 947 Forbidden 


* Split by resonance: observed frequencies 1584-8 and 1606-4 cm.". 
+ Split by resonance: observed frequencies 3061 and 3098 cm.-!. 


A,’ hydrogen frequencies of 1 : 3: 5-trideuterobenzene, as determined in Part XVII, and the B,, and Ay 
frequencies of benzene or hexadeuterobenzene, as given in this paper: we have 


TIB 1648 x 1110 x 1326 
2g\-6"*6 ~ 
ITA,(1: 3: 5-C,H,D,) 1600 x 920 x 1230 


= 1-340 (harmonic value = 1-345) 


ILA,’(1: 3: _ 1600 x 920 x 1230 
‘1571 826 x 1037 


Any appreciable departure from the value 1600 cm. assigned to the A,’ carbon frequency would obviously 
spoil one or both of these ratios. 

(5) The A, Fundamental Vibrations of 1: 4-Di- and 1: 2:4: 5-Tetva-deuterobenzene, and the Inactive A, 
Vibrations of Mono- and Penta-deuterobenzene.—For reasons already given (Parts XIX and XX, this vol., 
pp. 288, 299) the normal co-ordinates and frequencies of the two A, vibrations of 1 : 4-dideuterobenzene, 
and also of two of the A, vibrations of monodeuterobenzene, are equal, each to each, to those of the E,* 
vibrations of benzene. Also the normal co-ordinates and frequencies of the two A, vibrations of 1 : 2: 4: 5- 
tetradeuterobenzene, and of two of the A, vibrations of pentadeuterobenzene, are equal, each to each, to 
those of the E,,* vibration of hexadeuterobenzene. The frequencies of all these vibrations of partly deuterated 
benzenes are therefore determined by the argument given in Sections B, 3 and B, 4: 


A,(C,H,D) and A,(1 : 4-C,H,D 405, 970 cm. 
A, (1: 2:4: 5-CgHyD,) and A,(C,HD,) 352, 793 

(6) Summary of Fundamental Frequencies.—The inactive frequencies determined in this paper are used in 
order to complete a list (Table IX) of the fundamental frequencies (cm.-') of the three benzenes which have 
degenerate vibrations and therefore only 20 distinct fundamental frequencies. It must be emphasised that 
we still regard the B,, and B,,-like carbon frequencies as lacking desirable confirmation. Comparisons of 


= 1-347 (harmonic value = 1-351) 
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fundamental frequencies amongst the benzenes which have no degenerate vibrations, and therefore have 30 
different fundamental frequencies, will be made when our work on pentadeuterobenzene is complete. We 
defer until then, or until we have studied in addition 1: 2-di- and 1: 2: 3: 4-tetra-deuterobenzene (if that 
seems necessary), our discussion of the internal force system of benzene. 

Table X records the product ratios to which these frequencies lead. The majority of the values lie below 
those calculated on the basis of a harmonic force field, the deviations ranging from 1-6% low to 0-4% high. 


TABLE X. 
Product Ratios of Benzene, 1: 3 : 5-Trideuterobenzene and Hexadeuterobenzene. 
C,H, /C,H;D. C,H,D,/C,D,. 


Found. Calc. u Found. Calc. Found. Calc. 
1-404 1-414 
1-401 144 1-404 1-414 1-402 1-414 
+286 
1-411 1-414 1-340 1-345 1-347 1-351 
1-351 1-362 1-379 1-387 1-965 _ 


1-393 1-414 
1-970 1-998 1-930 1-960 1-948 1-962 
1-346 1-357 1-351 


- = 
1-407 1-414 1-330 
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FOR ALL ANALYTICAL WORK 
demanding the use of chemicals and 
reagents of the highest commercially 
attainable standards of purity, the 
B.D.H. laboratory chemicals are 
- recommended. They enjoy an 
unrivalled reputation for reliability, 
which is maintained by modern 
manufacturing methods, efficient 
analytical control, and experience 
in packing. 


all *‘AnalaR’ 


REAGENTS OF ‘ANALAR’ QUALITY 
are guaranteed to conform to the 
specifications published in the 
book of “‘AnalaR’ Standards for 
Laboratory Chemicals.’’ The tests 
for purity which are applied to 
chemicals, and are 
fully and explicitly defined, have 
been designed by analysts well 
versed in modern analytical 
technique. 


The B.D.H. Indicators for the Determination of pH Values, Oxidation- 
Reduction Indicators, Adsorption Indicators, Organic Reagents for Delicate 
Analysis and Spot-Tests, Micro-Analytical Reagents, Stains for Microscopical 
Use, and a large variety of reagents for clinical, biochemical and general 
analysis are used regularly in academic, analytical and industrial laboratories 


throughout the British Empire. 


THE BRITISH DRUG 


All inquiries should be addressed to The British Drug Houses, Ltd. 
(Laboratory Chemical Department), Graham Street, London, N.1. 
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FANS FOR DEALING 
WITH NOXIOUS AND 
CORROSIVE GASES 


“ Sirocco ’’ fan for dealing with nitrous acid gas. All 

parts such as the fan casing, runner and rivets which are 

in contact with the gases, are made from ‘“ Staybrite”’ \ 
steel. 


FIRTH-VICKERS STAINLESS STEELS LTD SHEFFIELD 
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